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Abstract
In a series of 18 growth experiments, GdCa4O(BO3)3 (GdCOB) single crystals were
successfully grown by the Czochralski method. They have a well-ordered structure,
as revealed by single crystal structure analysis. Although the main growth direction
was along the crystallographic b-axis, some experiments were conducted using the c-
direction. Pulling velocities were varied between 1 and 3 mm/h. Except for a few
crystals with cracks or elongated "silk-like" inclusions consisting of multiphase impuri-
ties, most of the obtained crystals are of good quality. Those inclusions contain iridium,
deriving from the crucible, P and Yb with unclear source, and other phases from the
system Gd2O3–B2O3–CaO.
Thermal expansion coefficients of GdCOB were determined in the directions of the
crystallographic axes and found to be approximately linear in two temperature ranges:
from 25 ◦C to around 850 ◦C, and from 850 to 1200 ◦C, with the latter range showing
significantly higher coefficients (below 850 ◦C: αa = 11.1, αb = 8.6, αc = 13.3 × 10−6/K,
and above 850 ◦C: αa = 14.1, αb = 11.7, αc = 17.8 × 10−6/K). This sudden increase of
thermal expansion coefficients indicates a phase transition of higher order. An order-
disorder transition in form of the rotation of BO3-triangles in the structure was made
tentatively responsible for this transition, as revealed by HT-Raman spectroscopy. This
transition was also detected by DSC-methods but appeared to result in very weak
effects.
Although the material is thought to represent a promising candidate for high tem-
perature piezoelectric applications (noncentrosymmetric space group Cm), this effect
of change in specification has not been described and it is unknown whether it has
influence on the piezoelectric properties. Furthermore, this characteristic behaviour
in combination with anisotropic coefficients may be the reason for the development of
cracks during cooling of crystals, making the growth difficult.
Spectroscopic investigation revealed a wide transparency range from 340 to 2500 nm
(29 400–4000 cm−1) of GdCOB, which is a very important property for optical appli-
cations.
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Zusammenfassung
In der vorliegenden Arbeit wird die Einkristallzüchtung nach dem Czochralskiverfahren
von GdCa4O(BO3)3 (GdCOB) beschrieben. Aus insgesamt 18 Zuchtversuchen, bei de-
nen auch die Ziehgeschwindigkeit zwischen 1 und 3 mm/h variiert wurde, wurden erfol-
greich nahezu perfekte Einkristalle gewonnen. In einigen Kristallen traten jedoch auch
Risse oder Einschlüsse auf. Diese enthielten neben Iridium vom Tiegelmaterial auch
andere Phasen des Gd2O3–B2O3–CaO-Systems, sowie P und Yb, deren Herkunft un-
klar ist. Als Hauptziehrichtung wurde die kristallographische b-Achse gewählt, ergänzt
durch einige Experimente in der c-Richtung.
In den drei kristallographischen Hauptrichtungen wurden die thermischen Ausdeh-
nungskoeffizienten von GdCOB bestimmt. Diese können in zwei nahezu lineare Be-
reiche unterteilt werden: von Zimmertemperatur bis etwa 850 ◦C und von 850 bis
1200 ◦C, wobei die Koeffizienten im Hochtemperaturbereich deutlich höher sind (unter
850 ◦C: αa = 11.1, αb = 8.6, αc = 13.3 × 10−6/K, oberhalb 850 ◦C: αa = 14.1, αb =
11.7, αc = 17.8 × 10−6/K). Daraus ergibt sich, dass ein Phasenübergang höherer Ord-
nung vorliegen muss. Als mögliche Ursache wurde mittels HT-Raman Spektroskopie
ein Ordnungs-Unordnungs-Übergang identifiziert, während dessen die BO3-Gruppen
in der Struktur leicht rotieren. Weitere Untersuchungen mittels thermodynamischer
Methoden führten zu schwachen, aber eindeutigen Signalen, die diesem Effekt eben-
falls zuzuordnen sind.
Obwohl das Material ein vielversprechender Kandidat für piezoelektrische Anwendun-
gen im Hochtemperaturbereich ist, wurde dieser Effekt bisher unzureichend beschrie-
ben. Dieses Verhalten, kombiniert mit den anisotropen thermischen Ausdehnungsko-
effizienten, könnte eine der Ursachen für das Vorkommen von Rissen in den Kristallen
während der Synthese darstellen.
Spektroskopische Untersuchungen ergaben einen großen Transparenzbereich von 340
bis 2500 nm (29 400–4000 cm−1), was für optische Anwendungen von großer Bedeutung
ist.
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1 Introduction
Since the last two or three decades, the demand for new materials with well-defined
specific properties has been increased constantly. Particularly, sensor technology met
new challenges in extreme environments of elevated pressures and high temperatures.
Sensors are required in highly efficient combustors, motors, etc. The new mate-
rial REECOB, rare earth (tetra-) calcium oxoborate with the generalized formula
REECa4O(BO3)3, provides the possibility to measure pressures, in ranges like stated
above.
Unfortunately, the material is far away from being produced and processed in standard-
ized procedures, nor are all crystallographic and physical parameters known exactly or
are still under discussion. The main objective of this study is to optimize synthesizing
conditions for solid state reaction and single crystal growth of the gadolinium member
of the REECOB group as well as to reevaluate certain physical parameters that are
still controversial.
The first investigation on the ternary system including rare earth elements, calcium
and boron goes back to the late 1960s and early 1970s, when Kindermann studied the
entire system REE2O3–CaO–B2O3 (Kindermann, 1974) by synthesizing up to then
unknown materials. Most syntheses were carried out by solid state reactions.
Khamaganova et al. (1991) first produced calcium-rare earth element-oxoborates
by coincidence while attempting to synthesize Ca3Sm2(BO3)4 in PbO-flux solution.
They happened to grow SmCa4O(BO3)2 although reporting the doubled formula
Sm2Ca8O2(BO3)6. They characterized and described the structure in detail (mono-
clinic, space group Cm) by using X-ray techniques. The material was classified as
a calcium lanthanum oxide borate. Subsequently, the now called REECOB (rare
earth element-calcium-oxoborate, sometimes also referred to as oxyborate) was syn-
thesized by simple solid state reaction of stoichiometric mixtures by Norrestam
et al. (1992). The authors showed that most trivalent rare earth ions like La3+,
Nd3+, Sm3+, Gd3+, Er3+, and Y3+ fit into the crystal structure and the resulting com-
positions crystallize isostructurally. Structure analyses revealed analogies to calcium
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fluoroborate (Ca5F(BO3)3) and also to the well known structure of common fluorap-
atite (Ca5[F/(PO4)3], see Aka et al., 1997 and references therein). However, the
same authors firstly noted that there is a mismatch between the theoretical and mea-
sured stoichiometry. By means of electron ray methods (in combination with EDX)
they found the exact composition of the Sm-bearing member to be Sm1.1Ca3.9O(BO3)3.
Norrestam et al. (1992) suggested a possible use of the new crystals as minilaser
material.
Ilyukhin & Dzhurinskii (1993) contemporaneously investigated the new material
regarding its crystallographic properties by using XRD methods. They grew tiny crys-
tals of REECOB (where REE = Gd, Tb and Lu) from a PbO-flux solution, mostly
confirming the findings of Norrestam et al. (1992). They reaffirmed the disor-
der between Ca and the rare earth ion in the octahedral positions, which increases
with decreasing ionic radii of the rare earth ion. They also showed that EuCOB
(Eu2CaO(BO3)2) crystallizes in another structural type (trigonal, spacegroup R3¯c).
In the same year Dirksen & Blasse (1993) described GdCa4O(BO3)3 from a flux
solution to be a perfect host lattice for luminescent materials, involving several triva-
lent dopant cations such as Dy3+, Tb3+, Eu3+, Ce3+, and Bi3+. The influence of these
dopants on the emission and excitation spectra of GdCOB was investigated extensively
by those authors.
Later on, Aka et al. (1996, 1997) reported that GdCOB may be obtained for the
Czochralski growth technique, since it melts congruently at 1480 ◦C. They grew the first
larger crystal of GdCa4O(BO3)3 measuring 70 mm in length and 20–30 mm in diameter.
At almost the same time Iwai et al. (1997) also applied the Czochralski method on
GdCOB, with similar results. Both groups almost contemporary published information
about the advantageous properties of GdCOB in terms of linear and nonlinear optics
and laser properties. They also reported on self frequency doubling of Nd3+ doped
crystals. As a consequence, the interest in the recently found material as well as the
number of publications concerning GdCOB increased strongly (Fig. 1.1). But most
authors focused mainly on its outstanding optical properties.
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Fig. 1.1: Histogram displaying the number of publications on GdCOB per year during the
past two decades, specifying articles dealing with piezoelectric properties of the ma-
terial (the numbers do not claim to be exhaustive, for detailed reference information
see Tab. A.8).
Beside further contributions on the problem of disorder Mougel et al. (1998) in-
vestigated the thermomechanical properties of GdCa4O(BO3)3. Upon determining the
thermal expansion coefficients, the authors documented an increase in thermal expan-
sion at around 850–860 ◦C. However, no attempt of an explanation was made and this
effect has not been reported, not to mention clarified, since.
In the following years, research was focused on nonlinear optics and laser applications,
which is illustrated in Fig. 1.1. Crystals were doped with numerous elements such as
Pr, Nd, Yb, Cr, and Sr besides the afore mentioned dopants and much effort was made
in this field. Owing to its non-centrosymmetric structure (monoclinic space group
Cm), the materials are also suitable for piezoelectric applications. In recent years,
the scientific world took interest in this topic (Shimizu et al., 2004, Markiewicz
et al., 2006, Nakao et al., 2006, Takeda et al., 2006).
It was found most recently that REECOBs not only show very promising piezoelectric
properties at low temperatures, but also at elevated temperatures above 1000 ◦C, which
makes the material a good candidate for high temperature sensing applications (Zhang
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et al., 2008a, and 2008b). REECOBs show the highest piezoelectric coefficients
amongst known single crystalline materials, which are suitable for high temperature
applications, such as tourmaline, GaPO4, the langasite-family, and LiNbO3 (Zhang
et al., 2011).
All piezoelectric materials have limitations in their application due to physical as-
pects like structural phase transitions, ferromagnetic or ferroelectric disorder at the
Curie point and melting point. Other limiting factors include low electrical resistivity
(<1× 106Ωm), dielectric losses, and piezoelectric sensitivity degradation. For ex-
ample, quartz is only suitable for piezoelectric applications up to 350 ◦C due to stress
induced twinning, in GaPO4 a phase transition occurs at around 950 ◦C, and PZT (lead
zirconate titanate) as well as Bi4Ti3O12 ceramics are limited due to a degradation in
the piezoelectric properties above 500 ◦C. The naturally occurring mineral tourmaline
is a suitable piezoelectric material, working up to 1000 ◦C, but unfortunately it is not
yet possible to synthesize it in effectual size. On those accounts, REECOB has become
a material of exceptional potential. Another advantage is production at relatively
low costs, compared to the expensive and time-consuming growth of quartz and – for
high temperature application – of GaPO4 (both being synthesized using hydrothermal
technologies, e.g. Philippot et al., 1993).
Today known endmembers of the REECa4O(BO3)3 group that have been grown via
the Czochralski method include: YCOB, GdCOB, SmCOB, LaCOB, DyCOB, PrCOB,
EuCOB, ErCOB, and NdCOB (e.g. Shujun et al., 2000; Luo et al., 2001; Jiang
et al., 2002; Jiang et al., 2003; Antic-Fidancev et al., 2004; Takeda et al.,
2006; Yu et al., 2011). On the other hand, CeCOB, YbCOB, and LuCOB were
found to melt incongruently and are therefore difficult to grow using the Czochralski
method (e.g. Ye & Chai, 1999; Yu et al., 2011). Some authors emphasized the
incongruent melting behaviour of some other compositions, as LaCOB (Ye & Chai,
1999). Crystals of high optical quality and appropriate size were nonetheless grown by
other authors (Aron et al., 2001, Reuther et al., 2011).
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Hence, the aim of the present work was to synthesize REECOB crystals with focusing
on the Gd end member by utilizing the Czochralski growth method and contribute to
unsolved questions. Amongst the versatile possibilities of the group the gadolinium end
member was chosen, because it is the only compound for which the strange thermal
expansion manner was ever reported. Therefore, new data on so far controversially
discussed properties particularly with regard to the material’s thermomechanical char-
acteristics and also several structural features should be contributed during this work.
Different growth conditions should be applied and – wherever applicable – optimized
in terms of efficiency (e.g. by increased growth velocity). By those new investigations,
amongst a few others, a contribution to detailed characterization of GdCa4O(BO3)3
should be given.
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2 Structure of GdCOB
The crystal structure of GdCa4O(BO3)3 (GdCOB) is isostructural to calcium fluorobo-
rate (Ca5(BO3)3F, Lei et al., 1989), which is in turn related to a distorted hexagonal
fluorapatite-structure (Ca5(PO4)3F). The space group of non-centrosymmetric, mono-
clinic GdCOB is Cm (No. 8).
Calcium
Gadolinium
Boron
Oxygen
c
b
a
Ca(2)
B(1)
B(1)
B(1)
Ca(2)
Ca(2)
Ca(2)
Ca(1)
Ca(1)
Ca(1)
Ca(1)
B(2)
B(2)
B(2)
B(2)
Fig. 2.1: Unit cell of GdCa4O(BO3)3 with coordination polyhedra of Gd[6] (yellow), B[3]
(red), and Ca(1)[6] (grey) sites. The Ca(2)-position is, depending on the limits of
coordination distances, 6- to 8-fold. Hence, the polyhedra are not illustrated and
four oxygen are left without bonding. Ionic radii not to scale.
The structure is formed by five structural elements. There are two different types of iso-
lated planar [BO3]3−-triangle groups, of which one (on the B(1)-site), is approximately
parallel to the (001)-plane (fig. 2.1). The [B(2)O3]-group is slightly tilted towards the
ac-plane, with the fictious rotation axis being approximately parallel to the a-axis.
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Moreover, there are two independent Ca-sites – Ca2+(1) and Ca2+(2) – with a sixfold
and a distorted eightfold coordination, respectively. Both sites are of C1 symmetry.
Some authors (e.g. Norrestam et al., 1992 and Aka et al., 1996) interpreted both
of these Ca-positions as octahedral. Such an assumption, of course, depends on the
limits of coordination distances (distances from Ca(1) and Ca(2) to surrounding oxy-
gens: 2.3188–2.3749Å and 2.3276–2.9401Å, respectively, data from Mougel et al.,
1998).
Gd3+-ions (Cs symmetry) are sixfold-coordinated by oxygen. They are situated in the
mirror plane, which is the only symmetry element in the cell. The Gd3+ coordination
spheres can be seen as slightly distorted octahedra, forming edge-connected chains
along the c-axis. Four of the six oxygens surrounding the gadolinium site also belong
to adjacent borate groups. The B(1)-site is corner-connected to the surrounding struc-
tural groups, whereas the [B(2)O3]3−-triangles are either corner- or edge-connected,
depending on the assumed coordination of the neighbouring Ca(2)-position.
The unit cell parameters are a = 8.078Å, b = 15.98Å, c = 3.55Å and β = 101.28°
(Mougel et al., 1998) resulting in a ratio of a : b : c of approximately 2 : 4 : 1.
The number of the unit cell formula is Z = 2.
Ilyukhin & Dzhurinskii (1993) suggested a possible disorder between gadolinium
and calcium atoms in both octahedral positions. Kuzmicheva et al. (2002) sup-
ported the assumption of disorder for the material YCa4O(BO3)3 (YCOB) and dis-
cussed related possible oxygen vacancies. The disorder was also confirmed by UV
and excitation spectral investigations on both GdCOB and YCOB using Nd and Yb
dopants as tracers (Lupei et al., 2002, Lupei et al., 2004). Other authors, like
Mougel et al. (1998), rejected this kind of perturbation, pointing out that this
would lead to point defects in the charge balance and generation of colour centres.
Mougel et al. (1998) ascribed the primary assumption of disorder to the PbO flux
growth process and stated that crystals obtained by the Czochralski method are much
less disordered. This, as the authors pointed out, may mainly arise from different
cooling speeds and crystal sizes. On the other hand, Mougel et al. (1997) reported
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a slight occupation of the Ca(1)-site by dopant Nd3+ ions. The same applies for Eu3+,
as Antic-Fidancev et al. (2004) found three non-equal positions, for Eu3+ by using
emission and absorption spectroscopic methods.
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3 Methods
3.1 The Czochralski method
3.1.1 A brief introduction to the history of the Czochralski method∗
The polish chemist Jan Czochralski (1885–1953) invented the crystal growth process
that was called after him immediately, by coincidence in 1916. Abstractedly – as the
legend has it – he dipped his writing feather in a crucible filled with molten tin instead
of the inkwell. While he pulled his feather out, tin solidified on the nib and to his
surprise a single crystal thread grew (Tomaszewski, 2002). Since Czochralski was a
metallurgist working at the world famous AEG metals laboratory at that time, he found
interest in this finding and developed an apparatus to repeat this chance discovery
constantly and conducted different experiments. However, he was not interested in the
single crystals in general, he investigated the velocity of crystallization of several metals
(initially including tin, lead and zinc) by pulling at a predefined speed. A clockwork
guaranteed constant pulling rate of single crystal metal wires. Seeding was performed
by dipping a simple glass tube into the melt, which was linked to the clock mechanism
via a silk thread (Czochralski, 1918).
There were only few technical modifications on the basic idea by some scientists during
the 1920’s (e.g. von Gomperz, 1921, Linder, 1927). By using preoriented seeds for
the first time, single crystals (zinc and cadmium) of different orientations were grown
by Grüneisen & Goens in 1923. The apparently first inductively heated furnace
for melting the source material was used by Glocker & Graf in 1930 (described in
detail also in Graf, 1931).
Approximately 30 years after Czochralski, a clock mechanism for pulling the crystal out
of the melt was also used by Teal & Little (1950), who grew the first germanium
single crystals in 1948, shortly after the invention of the transistor (Teal, 1976).
They brought the method to some perfection by controlling the crystal’s shape by
∗some parts of this section were taken from Möckel et al. (2009) in a modified form.
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temperature control and the modification of other parameters like rotation rate and
pulling speed of the seed.
The method got its next pulse when the solid state laser came up in the 1960’s
(Maimann, 1960) and it appeared that most laser materials are suitable to be grown
by the Czochralski method. Calcium tungstate was the first oxide crystal to be pulled
out of the melt using the Czochralski technique (Nassau & Van Uitert, 1960, how-
ever, those authors referred to Boros (1949), who already pulled vanadium pentoxide
from the melt in 1943 without giving any experimental details – although that might
have been growth from a flux melt.) Step by step different chemical compounds were
explored and modified. Among the first ones were garnets, LiNbO3, and Al2O3.
As early as in 1962, Metz et al. (1962) developed a method to pull single crystals of
materials of high vapor pressures by covering the exposed surface of the melt with an
appropriate inert liquid. The idea of LEC (liquid encapsulation Czochralski technique,
Mullin et al., 1965) was born. LEC prevents the evaporation of volatile contents
of the melt. Since that time B2O3 has proved to be the encapsulating material of
choice especially for GaAs production, due to its excellent properties. Nowadays it
is still the most practical method for producing large scaled GaAs single crystals for
semiconductor purposes.
The probably most innovative technical improvement of the Czochralski method was
the automatic control of growing crystals by the control of the weight of the crystal.
This method was introduced in 1972 by Bardsley et al. Using this approach, it
is possible to control the diameter without the necessity of a skilled operator, visually
observing the growth process around the clock. The possibility of both weighing (1)
the crucible or (2) the crystal from above via the pulling rod was given by Bardsley
et al. (1972). The most promising method evolved was to weigh the crystal directly.
Immediately, complex computer algorithms were developed to refine the control system
(e.g. Zinnes et al., 1973).
During the last decades, there has been some additional improvements of the method.
Witt et al. (1970) grew crystals under magnetic fields to decrease convection, which
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led to a better dispersion of dopants. A system to grow the crystals from constant non
stoichiometric melts using a double crucible technique combined with automatic powder
supply was presented by Kitamura et al. (1992).
Another purpose of Czochralski growth was to produce larger crystals in order to
decrease costs, which led to standards of 265 kg weight and 300 mm in diameter mea-
suring silicon single crystals (Evers et al., 2003). The next step for size increase is in
preparation (450 mm diameter crystals with more than 1000 kg weight, Altekrüger
& Volk, 2011).
For oxide crystals, there are some more difficulties in producing large crystals, compared
to metal alloys and semiconductors. It is still not possible to grow specimens as large
as silicon crystals. A good review on this topic is given by Brandle (2004).
Today, the Czochralski technique is used as a standard in growing optical and semi-
conductor materials as well as sensor pyro- and piezoelectrical materials. Currently,
the demand for new materials with improved properties drives research to still higher
levels.
3.1.2 Principle of the Czochralski growth
In general a typical Czochralski equipment consists of three main parts: (1) a growth
chamber, where the pulling takes place; (2) a heating system, and (3) a controlling
system. There are also some additional devices like the scaling, monitoring, and cooling
systems (see Fig. 3.1).
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Fig. 3.1: The Czochralski device at the laboratory in the Institute of Mineralogy, University
of Freiberg, with peripherals (except for the global cooling system).
There are two scaling methods for the control of the growth: either weighing the grow-
ing crystal or weighing the crucible. The first possibility is somewhat more complicated,
due to the mechanical complexity. It includes lifting and rotating system, but it al-
lows exact control and is therefore more common. Problems with this method include
e.g. the buoyant forces that may disturb the measurement. The monitoring devices
are fully automated in industrial use, nowadays. Automatic image analysis guarantees
full time observation of the growth process and continuous work of the controling de-
vice. A cooling system is used to keep important parts of the machinery at specific
temperatures. The growth chamber is cooled as a whole.
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The growth chamber (see Fig. 3.2), often filled with inert gases like N2 to prevent
oxidation processes, covers the growth process. It includes at least one observation
window (made of heat resistive material). The crucible has to be placed in the center
of the chamber, surrounded by the heating system. In most cases – especially in
semiconductor growth – the material is heated inductively. A coil around the crucible
produces an alternating high frequency electrical field, which induces Foucault current
in the substance. The electrical loss due to resistivity of the material produces heat.
In contrast to conductors to be melted, in the case of insulating materials, like oxides,
a conductive crucible, instead of the charge, is heated inductively. The substance is
melted by heat transfer from the crucible to the charge. The heat transfer to the
material is rather slow, in this case. To reduce the heat loss, the crucible is sometimes
covered by a ceramic heat shield. To minimize the vertical heat gradient of the crystal
which is pulled out of the melt, an afterheater is installed above the crucible. It
is either heated by the surrounding heat ("passive") or actively heated by a second
coil. The afterheater produces a homogeneous temperature field above the crucible
and prevents the crystal from too fast and unbalanced cooling, therefore. The coils
are commonly water cooled to avoid their damage. In the upper central part of the
chamber, there is an opening, through which the pulling rod is led. At its lower part, a
seed mounting is installed holding the seed and the growing crystal. The rod is linked
to the pulling/rotating device and (optional) to the scales.
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l1 Crucible including the meltl2 Growing crystall3 Seed mounting including seedl4 Afterheater (passive)l5 Ceramic heat shieldl6 Pulling rodl7 Radio freq. coil, water streamedl8 Water cooled chamberl9 Crucible support (adjustable)l10 Observation windowl11 Front doorl12 To power supply/cooling systeml13 To scales system
Fig. 3.2: Sketch of the growth chamber of the used Czochralski system excluding peripherals,
like balance, water/power supply, frame etc. (not to scale, slightly modified after
Möckel et al., 2009).
The controlling system is linked directly to the scaling and monitoring systems
(if installed). All observations are analyzed and compared with the nominal values,
given by a programme, which is prepared prior to start of the growth experiment. In
weight controlled growth processes, the density of the solid material has to be known
and the increment of growth is calculated by the gain of weight and pulling distance,
based on an assumed circular cross section of the growing crystal. The most important
parameter is the ∆G/∆t-value (change of weight to change of time). The values are
continuously measured and compared to the previously given ∆G/∆t-value. In this
way, the diameter is checked. It can be changed by the heat of the melt and therefore
by the energy input (i.e. by the output of the heater).
The heating system is also directly linked to the controller, which regulates the out-
put energy and therefore the temperature of the system. On the basis of the measured
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growth rates the temperature is adapted in order to get the desired crystal diameter,
while in most cases pulling velocity and rotation rate are held constant.
The growth experiment typically starts with the preparation of the source material, if
not available. In most cases this is made by mixing pure basic materials in stoichio-
metric proportions and transferring them into the proposed substance by solid state
reaction (sintering). The optimum sinter regime has to be found in several experiments
with varying stoichiometry, sinter time and temperatures, which is a long-lasting pro-
cedure. Finally, the prereacted phase is transferred into the crucible and the crucible
in the melting chamber. The crucible and the ceramic heat shield have to be placed
centered into the coil to guarantee a homogeneous heat propagation. For vertical ad-
justment, a submersible crucible support is available. While melting the components of
the crystal, it is necessary to exclude secondary, non-stoichiometric phases, which could
heavily disturb the growing crystal. One has to check all possible occurring phases in
the system investigated before starting the melting process. If the melting points of
other occurring phases are higher than the melting point of the preferred phase, there
may be difficulties in the growth due to remaining phases in the melt. In addition, it
is important to heat the prereacted material slowly up to the melting point to avoid
the formation of these unintentional phases.
If no seed crystal of the material is available, the first growth experiment has to be
conducted using a heterogeneous seed material, like a metal seed or, if available, a
related or isostructural material. The heterogeneous seed needs to have a higher melting
point to avoid dissociation. The seed is slowly lowered to the melt, while the melt itself
is held at or nearly to the crystallization point. The seed is introduced into the melt,
which is called "dipping process". While being constantly rotated, and giving a short
time for temperature homogenization, the seed is then pulled slowly out of the melt.
The material crystallizes at the bottom of the seed, and a crystal is pulled out of the
melt. Usually, from a metal seed only polycrystalline material can be obtained, from
which an as large as possible single crystalline part has to be taken, serving as seed for
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the next experiment. This new seed is then dipped into the melt and the next crystal
is hoped to be single crystalline. If it is not, the procedure starts again. The crystal
is "pulled out" by increasing the temperature of the melt, keeping the pulling rate
constant. By this the crystal’s diameter decreases, until it "ruptures" from the melt.
The shape of the so called "foot" depends on the increment of the temperature, which
is again fixed in the initial programme. Afterwards, the crystal has to be cooled down
in an appropriate time to avoid cracking caused by excess stress due to non-uniform
cooling. Once a single crystal was obtained, the orientation has to be determined. If
necessary a seed of special orientation has to be cut from the crystal to get the first
suitable homogeneous seed. Of course, the procedure up until this step may take a
long time and experiments may have to be repeated several times.
Further and advanced information on the topic of the Czochralski growth technique
are given in Hurle (1993).
3.1.3 Experimental techniques
Of course, the versatile application of the Czochralski method results in different con-
figurations. Therefore, the devices which are in use nowadays may differ considerably
in size, shape, and principle assembling. Industrial used build-ups are partly very huge
(distributed across several floors), whereas devices for experimental use are smaller.
As a result the technical specifications (e.g. in terms of energy input) differ clearly,
too. The pulling equipment utilized during this study is a Cyberstar Oxypuller 05-03
with maximum power output of 20 kW including a slightly modified coil (by means
of size and number of turns) producing a 20–100 kHz alternating electrical field. The
crucible is placed within the coil. It is surrounded by a closed ceramic container with
dimension of around 7 cm diameter and 20 cm height (wall thickness 1 cm) consisting
of two peaces: case, in which the crucible is placed and cover, offering enough space to
cover the crystal as well. It serves for thermal insulation (heat shield). It also allows
the direct observation through a small hole and the introduction of the pulling rod via
a second hole on the top (see Fig. 3.2). An iridium(Ir)-crucible (dimensions of 40 mm
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in diameter and height, wall thickness 1.5 mm) was used for melting the material. A
passive afterheater, also made from iridium, was placed on the crucible.
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3.2 Microscopic investigation
3.2.1 Optical microscopy
For microscopic investigation two different stereo microscopes were used: a Leica
MZ 16 A with multifocus tool, using the software Leica Application Suite V. 3.1.0,
and a Zeiss Axiophot equipped with an Axiocam for image acquisition. Additionally,
for higher magnification, a Zeiss Axio Imager.A1m polarizing microscope was used,
which was again equipped with an Axiocam.
3.2.2 Scanning electron microscopy
For elemental analysis of inclusions a scanning electron microscope (SEM) JEOL 7001F
was used operating at 15 kV and 0.7 nA. The device is equipped with a Bruker Quantax
800 EDX detector.
3.3 X-ray methods
3.3.1 X-ray powder diffraction
For powder X-ray diffraction under room temperature conditions two devices were
applied: URD 6 and RD 7 (both Seifert/Freiberger Präzisionsmechanik). Samples
were either crushed in an agate mortar (≤ 30 µm) or milled in a McCrone mill to
gain sizes between 2 and 5 µm. Used X-ray sources were Co Kα (1.7902Å, URD 6)
and Cu Kα (1.5418Å, RD 7) operated at 40 kV/40 mA. Measured 2θ-range was 5°
to maximum 140°, with stepwidth of 0.03° and measuring times of 3–5 sec per step.
The irradiated area was kept constant between 10–15 mm2. The measurements were
analyzed using the software packages Analyse RayfleX v.2.352, Autoquan v.2.7.00, and
BGMN (Taut et al., 1998).
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3.3.2 High temperature X-ray powder diffraction
Measurements of high temperature powder X-ray diffraction were conducted on a
Bruker AXS D8-Discover device using a Göbel mirror and Våntec-1 detector. CoKα-
radiation was used (1.8779 Å). Diffractograms were recorded in a 2θ-range of 10–80 °
with scanspeed of 0.3 sec/step and steps of 0.0143° (2θ) in a temperature range from
room temperature up to 1300 ◦C in increments of 100 K. The powdered sample was
placed onto a Pt-heating-band. Rietveld analyses were performed using the free-source
programme PowderCell, using a step-by-step strategy for refinement, which is described
in Kern (undated).
For detailed high temperature structure analysis a second measurement was made,
using slightly different configuration. A Bruker D8 instrument with Debye-Scherrer
geometry, using MoKα radiation (0.71073 Å, 50 kV, 40 mA) was applied for the inves-
tigation. The device is equipped with a Våntec-1 position sensitive detector (PSD)
with an opening angle of 6°. The sample was filled in a quartz capillary of 0.5 mm di-
ameter. A capillary heater stage manufactured by mri Physikalische Geräte GmbH was
used. Measurements were performed at room temperature and 970 ◦C in the 2θ-range
of 3–33 °. For both indexing and refinement the programme TOPAS (Bruker-AXS)
was used.
3.3.3 Single crystal X-ray diffraction
Single crystal X-ray diffraction data collection was performed using a Bruker X8 Kappa
diffractometer working with Mo Kα radiation (0.71073 Å) at room temperature. The
range of measured hkl was -9 < h < 9, -17 < k < 18, and -4 < l < 3. Data were
collected, reduced and refined (cell refinement) using APEX2 (Bruker). The structure
was solved and refined using the software SHELXS97 and SHELXL97 (Sheldrick,
2008).
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3.3.4 Orientation measurements (Laue-camera)
The orientations of the crystal fragments cut from the neck were determined by means
of a Laue backscattering camera. It was equipped with an area detector (30×30 cm
multiwire proportional counting chamber Multiwire MWL 110) allowing real time ori-
entation of a single crystal. Measurements were analyzed in terms of indexing using
the software North Star v.6.0.
3.4 Thermoanalytics
3.4.1 Thermal expansion
The principal thermal expansion coefficients in the three main crystallographic direc-
tions αa, αb and αc and the diagonal between the a- and c-axis αac were examined
using two independent methods: (1) at an atomic scale, using high-temperature X-ray-
diffraction (HT-XRD) and (2) on oriented pieces from single crystals using a dilatome-
ter. The thermal expansion coefficient α in e predefined temperature range can be
obtained by the formula:
α =
1
L0
∂L
∂T
(3.1)
where L0 is the starting length of the material (or the starting d-value of a lattice
plane) and L the change in length at a distinct change in temperature T. Values are
presented in L
L0
/T -diagrammes, from which α was determined by the first derivative
of a linear approximation (linear fit), which represents the average value of the first
derivative of the original data. In case of the first derivative being a horizontal straight
line, the thermal expansion coefficient is linear in the observed temperature range.
Investigations on thermal expansion were conducted on a push rod dilatometer (Netzsch
DIL 402 C). The measurements were repeated at least four times to minimize errors.
Heating rate was kept constant at 5 K/min. Most measurements were carried out up
to 1100 ◦C. Additionally each direction was measured again up to 1200 ◦C. Afterwards,
measurements were conducted by heating the sample up to 1200 ◦C as described before,
holding at this temperature for 10 min, to allow a homogeneous heat propagation,
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and cooling down to 400 ◦C by again 5 K/min. All experiments on dilatometry were
conducted under Ar-atmosphere.
For controlling the dilatometer and recording the expansion values the software package
of Netzsch (Version 4.8.3) was used. Analysis of the measured curves, e.g. calculation
of the slope, the derivatives, and finding peak maxima was performed mainly by using
the software Origin Pro 8G by OriginLab.
3.4.2 DTA/DSC measurements
A Netzsch STA 409C/CD was used for further thermoanalytics, combining thermal
gravimetric analysis (TGA) and differential scanning calorimetry (DSC), which is called
simultaneous thermal analysis (STA). Different heating rates were applied, including
5, 10, 20, and 40 K/min. Samples, both crushed or pieces up to a few millimetres in
size, were placed in platinum crucibles with a platinum cover. The amount of sample
material varied between 30 and 110 mg. The sample chamber of the device was purged
with 70 ml/min argon stream. End temperatures were at least 1200 ◦C.
For the melting and crystallization point determination another DTA device (Setaram
TGDTA92) was used. Heating/cooling rates were kept constant at 5 K/min up to
1510 ◦C and subsequently down to 700 ◦C. Around 30 mg of powdered material was
used for determination that was filled in a platinum crucible with platinum cover. For
blank measurement, Al2O3 was measured in the same temperature range.
3.5 UV-VIS, IR, and Raman spectroscopy
For recording of unpolarized UV-VIS-spectra, a Spekord 50 manufactured by Analytik
Jena was used. The wavelength range was 190–1100 nm with step width of 0.5 nm. A
recording time of 0.1 sec per step was used to collect data. Additionally, spectra in the
range of 200–350 nm with an higher resolution of 0.1 nm and increased recording time
of 0.25 sec per step were measured to get detailed information about the energy level
distribution of the Gd3+-ion.
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A Varian IR-670 device was used for IR-spectroscopy. The measured range was from
near infrared (NIR, IR-B) to the mid infrared (MIR, IR-C) i.e. from 400 to 4000 cm−1.
Spectre resolution was 4 cm−1.
For better comparability of the results presented here with the literature, all values are
given mostly in wavelength (nm) and wavenumbers (cm−1).
High temperature (HT) non-polarized Raman-spectroscopy was performed using a
Horiba Scientific LabRAM HR 800 spectrometer with backscattering geometry. The
device was equipped with a Horiba Synapse CCD. Two laser frequencies were used
for excitation (473 and 532 nm, both from diode pumped solid-state lasers, see also
Tab. 3.1). For heating the sample, a Linkam TS 1000 heating stage was used, con-
trolled by a PC system (software Linksys 32) and the control unit Linkam Cl 91.
Temperature calibration was performed using halite (NaCl) with a very well defined
melting point at 801 ◦C (Bahrin et al., 1977). A neon bulb was used to measure
the neon bands simultaneously with the sample in order to adjust the spectrometer.
Further measuring details are given in Tab. 3.1.
Tab. 3.1: Analytical parameters of the Raman measurements.
Laser Cobolt Blues, 50 m W, 472.937 nm
Torus 532, 100 m W, 532.17 nm
Hole 1000 µm
Slit 100 µm
Acquisition time 5–20 sec
Acquisition repeated 10–15×
Peaks were analyzed and fitted by using the respective software packages Origin Pro
8G (OriginLab) and PeakFit v. 1.12 (demo version). Peaks were analyzed with regard
to peak position, peak area and full width at half maximum (FWHM). Voigt-functions
were used to describe the measured Raman peaks in both software programmes.
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4 Results
4.1 Synthesis of the crystals
4.1.1 Chemicals and calculations
In recent literature, two different raw material mixtures are described to produce poly-
crystalline REECa4O(BO3)3 via solid state reaction. While precursors used for calcium
and rare earth elements are commonly CaCO3 and REE2O3, respectively, for boron
both H3BO3 (boron acid) and B2O3 are in use (both methods are described in e.g.
Aka et al., 1996). B2O3 is, however, less hygroscopic and therefore easier to use.
The chemicals that were adopted in this study are listed in Tab. 4.1.
Tab. 4.1: Used chemicals for synthesis of GdCa4O(BO3)3.
Chemical Formula Producer Purity
boron oxide B2O3 Alfa Aesar 99.98 % (metals basis)
calcium carbonate CaCO3 Aldrich >99 %
gadolinium oxide Gd2O3 Alfa Aesar 99.99 %
All precursor chemicals were dried in an oven before application. Gd2O3 and CaCO3
were controlled by powder-XRD and found to be free from other phases in limits of
detection.
The GdCOB was produced by simple solid state reaction, following the reaction
Gd2O3 + 8CaCO3 + 3B2O3 −→ 2GdCa4O(BO3)3 + 8CO2. (4.1)
The reaction results in a theoretical loss of weight due to degassing of carbon dioxide
of about 25.66 wt.%. Atomic weights for appropriate mass calculation were taken from
Wieser (2007): Gd 157.25 u, Ca 40.078 u, B 10.811 u and O 15.9994 u (where atomic
mass unit u = 1.66× 10−27 kg). That gives a molecular weight for GdCa4O(BO3)3 of
509.989 u. Accordingly, the weight ratio of the raw material mixtures were calculated.
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4.1.2 Sintering and melting
A couple of preliminary tests for choosing the sinter temperatures were conducted pre-
viously to the main studies. Experiments on the solid state reaction were conducted
with stoichiometric mixtures. Therefore, the raw materials were mixed, homogenized,
and pressed into tablets. These tablets were heated in Al2O3-crucibles with platinum
foil under normal atmospheric conditions. Although one-step solid state reactions are
described in the literature (e.g. Aka et al., 1996; Krishnakumar & Nagalak-
shmi, 2004; Zhang et al., 2005; and others) two step sintering processes are more
common (for example in Aka et al., 1997; Paja¸czkowska et al., 2001; Takeda
et al., 2006). Nonetheless, one-step sintering experiments were conducted at 850 ◦C,
1200 ◦C, and 1400 ◦C just for an attempt. None of them led to satisfying results, since
other phases were detected as revealed by powder-XRD methods (see Fig. 4.1).
Fig. 4.1: XRD-diagrammes of samples from different sinter conditions: The marked peak
"Gd2O3" represents the strongest line of Gd2O3 ({222}), which disappears when
sintering the material at 1000 and 1200 ◦C including boron excess. Black lines de-
note theoretical line positions and ratio of intensity of GdCa4O(BO3)3, taken from
the Inorganic Crystal Structure Database (ICSD), collection code 86 172 (Mougel
et al., 1998).
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Remaining Gd2O3 as well as new, unintentional phases appear, like CaO, and some
borates as Ca3B2O6 (takedaite) and GdBO3. Two step sintering experiments (850 ◦C
& 1400 ◦C, 850 ◦C & 1200 ◦C, and also 1000 ◦C & 1200 ◦C) led to considerably better
results. The material was grounded and homogenized between the sintering procedures.
Giving respect to kinetic aspects (loss of H2O and CO2), the temperature was held
constant at some interstages (120, 450, 850 ◦C for 1, 0.5 and 2 hours, respectively, during
the first heating and at 850 ◦C for again 2 hours during the second sinter process). End
temperatures and processing times found out to be the best suiting ones are: 1000 ◦C
for 10 hours for the first step and 1200 ◦C for again 10 hours during the final step.
Heating rates were always kept constantly at 5 K/min.
Nevertheless, small amounts of Gd2O3 and CaO in the sintered material revealed that
the reaction was still incomplete. Some authors described an excess of boron oxide of
about 2–3 % to compensate the evaporation of boron oxide during heating (e.g. Vivien
et al., 2002, Jiang et al., 2002). Because of the hygroscopic bahaviour of B2O3
it is rather explainable that this weight loss during sintering is due to the removal of
adsorbed water. This was shown by DSC-measurement in Reuther et al., 2011.
Therefore, an excess of 2 wt.% of B2O3 was applied for all growth experiments. The
weight loss of averaged 26.4 wt.% (see Tab. A.2) during sintering was slightly higher
than the theoretical value, which is conform with the loss of adsorbed water. Almost
100 % of the precursors were conversed into GdCa4O(BO3)3, since no other phases
could be observed (see Fig. 4.1).
Possible occurring compounds were checked in terms of their melting points. The
melting temperature of GdCOB was determined at around 1490 ◦C. As figure 4.2
illustrates, the material melts congruently, which is an important criterion for the
Czochralski-growth technique. It also shows an affinity to supercooling, represented by
a very sharp crystallization peak at around 1340 ◦C. This, in turn, makes the growth
process difficult, since the accumulation and melting at the growth zone are slightly
temperature shifted.
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Fig. 4.2: Melting and crystallization point of GdCOB by DSC measurement, illustrating
congruent melting and high supercooling behaviour (melting point: 1490 ◦C, crys-
tallization point: 1340 ◦C).
Table 4.2 lists all known phases occurring in the system Gd2O3–CaO–B2O3 and their
melting points. Phases which composition is are far from the desired stoichiometry
are unlikely to arise. Except for GdBO3 and Gd3BO6, all melting points are below
the melting point of GdCOB. Though GdBO3 appeared during preliminary sintering
experiments (one-step sintering at 850 ◦C), none was observed after final solid state
reaction or during the growth experiments. No phase diagramm is known so far for the
system. Klimm et al. (2002), however, gave a preliminary scheme for YCOB, em-
phasizing that the behaviour of GdCOB is different. Klimm et al. (2002) stated that
the ternary system of the oxoborates can be compared to the well known binary system
LnBO3–B2O3 (where Ln means lanthanoides). A phase diagramm for the Gd2O3–B2O3
binary system is given in e.g. Cohen-Adad et al. (2000).
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Tab. 4.2: Melting points of phases occurring in the ternary system Gd2O3–CaO–B2O3.
Phase Melting point [◦C] Reference
Ca3B2O6 1479 Fletcher & Glasser (1993)
Ca2B2O5 1298 Fletcher & Glasser (1993)
Ca2B6O11 unknown
CaB2O4 1154 Fletcher & Glasser (1993)
CaB4O7 986 Fletcher & Glasser (1993)
Ca3Gd2(BO3)4 ≈1410 Haumesser et al. (2001)
Ca3Gd(BO3)3 unknown
GdCa4O(BO3)3 1490 this work
Gd3BO6 ≈1580∗ Cohen-Adad et al. (2000)
GdBO3 ≈1590∗ Cohen-Adad et al. (2000)
Gd(BO2)3 ≈1085∗ Cohen-Adad et al. (2000)
CaGd4O7
∗
decomposes peritectically (for further information see references).
All solid state reactions conducted for following melting and growth experiments were
done an Al2O3-crucible in a furnace. The prereacted compound has a lower density
than the molten charge and does not fit into the crucible at once. Therefore, the charge
was melted subsequently in at least two to three steps. Melting was always conducted
within the Czochralski device’s furnace.
4.1.3 Production of seed crystals
The material was held at or nearly at the melting point for about an hour after com-
pletely melting in the Ir-crucible to allow bubbles to expel and homogenize the melt.
This is a common procedure (e.g. Li et al., 2000, Zhang et al., 2005). Afterwards,
the seed was slowly lowered. The first experiment was conducted using a heterogeneous
seed made from a platinum-rhodium alloy. It was dipped slowly into the melt. After
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a short temperature homogenization time, the pulling started and the seed was lifted
slowly out of the melt. The whole growth process was observed via CCD camera, which
was attached in front of the observation window (see Fig. 3.2). The material adhered
quite well on the seed and a growing crystal was observed. Growth and rotation rates
were kept constant at 1 mm/h and 6 rpm, respectively. The first parts of the develop-
ing crystal (approximately 15 mm) consisted of polycrystalline material, the following
appeared to be a single crystal. As had been intended in the programme, a cylindric
body was grown, with a diameter of 12 mm and a length of 50 mm. The neck also
had a length of 50 mm and a diameter of 5 mm, the monocrystalline parts of which
served as seed for the next growth experiments. The initial crystal had an orientation
of [001] along the growth axis. It was of good quality. No macroscopic defects could
be observed (see Tab. A.1).
4.1.4 Growth conditions
For the further experiments, the lower part of the neck from the initial crystal was
taken to produce seed crystals. Unfortunately, during the next six experiments only
one defect free crystal was grown. From experiment CGOB06 a new seed was taken,
being oriented parallel to the b-axis. The growth of this direction was obviously more
successful with regard to less cracking and the growth velocity was increased up to
3 mm/h stepwise during the following growth cycles. The general growth parameters
are given in Tab. 4.3 and the individual parameters for each experiment and an image
of each obtained crystal are given in Tab. A.1.
A total of 18 crystal growth experiments were conducted with varying conditions (re-
ferred to as CGOB01–CGOB18, see Tab. A.1). The first seven crystals were oriented
parallel to the c-axis, the following eleven parallel to the b-axis. Four of the experi-
ments were aborted due to irregular growth (CGOB02, CGOB04, CGOB10, CGOB16).
Three crystals cracked during cooling down (CGOB03, CGOB06, CGOB07) and one
more cracked completely while the seed was cut off with a circular saw (CGOB17). Ex-
periment CGOB08 was used to enlarge the seed taken from CGOB06, with a smaller
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Tab. 4.3: Parameters used for Czochralski growth of GdCa4O(BO3)3.
crucible Ir, 40 mm height, 40 mm diameter
atmosphere nitrogen
growth rate 1, 1.5, 2, 3 mm/h
rotating rate 6 rpm
typical run through time ca. 50–100 h, depending on size and pulling rate
cooling down 20 h, ca. 1.2 K/min
crystal dimension
neck 20–50 mm length, 5 mm in diameter
shoulder 10–15 mm length
cylinder up to 50 mm length, commonly 15 mm in diameter
diameter of 5 mm over the whole crystal. Of the remaining nine crystals two (CGOB12,
CGOB18) display "silk-like" inclusions in the lower part of the cylindric body (see next
section), as CGOB03 and CGOB17 also did. Consequently, seven of eighteen macro-
scopic defect free crystals were obtained. Two were grown parallel to c-direction and
five parallel to the b-direction. These crystals are described in more details in the
following sections.
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4.2 Description of the crystals
Crystals of GdCa4O(BO3)3 are transparent and colourless. They are non-hygroscopic
and of high hardness, determined to be about 7 on the Mohs scale. Cracked crystals
show two distinct cleavage planes, which are identified to be (201¯) and (010) (cf. Aka
et al., 1997). The crystal’s surfaces are clean, glossy and even, except for some
features to be described below.
The density of the GdCa4O(BO3)3 crystals was (3.73± 0.08) g/cm3, as determined by
64 measurements of four samples using the hydrostatic weighing method.
The contact area between seed and crystal is also free from macroscopic defects. Con-
sequently, the seeding processes were conducted without complications in all cases.
Merely, an erratic increase in diameter was observed in all experiments (see Fig. 4.6 b),
which is due to the thermal shock caused by the thermal inhomogenity, while dipping
the seed into the melt. During this time of initial growth, the diameter is difficult to
control exactly. Further steps of the crystals surface are mainly due to fluctuations in
the energy supply from the source which could not be compensated by the controller.
c-direction grown crystals
Crystals grown in c-[001]-direction (GCOB01–07) have a circular cross-section shape
with a stable diameter of 12–18 mm (cf. Tab. A.1). The surface is smooth and glossy.
The shoulder of the boule is regularly shaped merely showing minor steps. The foot
development is likewise regular with a sharp cone end, representing the melt-crystal
interface. The foot’s surface displays dendritic growth structures (see Fig. 4.6 f).
Some heights appear in the shoulder part, continuing in small faces (yielding to (010)-
planes) or "joints" in the cylinder. They always appear on opposite sides of the crystal
as irregular hexagons with dimensions of up to 1 mm in height, and 1–2 mm width
perpendicular to the growth direction and a length of up to 1 mm. These heights are
situated in rows and especially in the shoulder part appear cumulative, resulting in
overlapping structures (see Fig. 4.3).
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Additionally, there are at least three pairs of "joints", some of them forming narrow
planes consisting of small facets. Some of these disappear at the end of the shoulder.
Fig. 4.3: Irregular hexagons on the surface of the neck on a c-direction grown GdCa4O(BO3)3
crystal (CGOB01).
b-direction grown crystals
Boules grown in the b-[010]-direction (CGOB09–18) display a rather rhombohedral
cross section with diameter of up to 13 mm and 18 mm, respectivelly for the shortest
and longest distance. The intended diameter was always 15 mm. The cross section
indicates at least four crystal faces: (201¯), (2¯01), (101) and (1¯01¯). Determination of the
facet’s indices was performed by the Laue-backscattering method. Small pieces from
the necks of b-direction grown crystals were analyzed (CGOB13/14). Since all [010]-
oriented seeds and crystals derive from one initial growth experiment, the orientation
remained the same. Fig. 4.4 shows a Laue-backscattering image and the proposed
indication. Since the Laue backscattering is always point symmetric, only 11 Laue
groups exist instead of 32 related crystallographic point groups. GdCOB has the Laue
group 2/m (because of the additional inversion, automatically a twofold rotational axis
is generated).
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Fig. 4.4: Image of Laue exposure of GdCOB (CGOB13, X-ray beam parallel to the b-axis)
and proposed solution of indication. The latter image is rotated to clearly indicate
the mirror plane. Note that not all reflexes appear due to extinction rules.
The angles measured between the faces of the crystals correspond very well with those
calculated from elementar cell parameters: ][(201¯);(101)]=67° (calculated: 67.86°) and
][(2¯01);(101)]=112° (calculated: 112.14°, all interior angles; see Fig. 4.5). These angles
can also be measured in the hexagons of the c-direction grown crystals (see above).
The shoulders are mostly irregular, yielding to an enhanced opening of the shoulder in
particular directions. The crystals are therefore asymmetric with regard to the position
of the seed relative to the cylindric main body, as illustrated in Fig. 4.5. The largest
opening distance is found to be from the neck to the (201¯)-face, the shortest from the
neck to (2¯01) plane. Perpendicular to the (101)-plane, the opening angles are more
regular.
In general, the crystals’ diameter are subject to major and minor fluctuation resulting
in small steps in the planes, smooth swellings, and contractions of the whole crystal
(Fig. 4.6c, d). Minor fluctuations disappear at (201¯)-faces, but they are considerably
visible on (101)-planes. However, growth striations appear mainly on the former men-
tioned facet type (Fig. 4.6e). A set of two "joints" appear on the crystal’s surface, one
of which is subject to minor dislocations at the growth steps. The joints are located at
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the edge between (201¯) and (101) as well as between (2¯01) and (1¯01¯)-facets (marked
in Fig. 4.5).
(101)
(201)
123°
a
c
158°
125°
b
134°

Fig. 4.5: Sketch showing the theoretical angles between facets of a cross section cut per-
pendicular to the b-axis of a GdCOB crystal. A scan of a grown crystal (inner
adumbration) and the position of the seed and the "joints" (red) relative to the
cylindric body are also shown; β =101.26° (Mougel et al., 1998).
On the crystals’ surfaces small cone shaped hillocks ("splashes") with matt surface (up
to 0.2 mm in base diameter) are observed in almost all cases (Fig. 4.6c). They cover
the whole crystal, without favouring distinct faces or growth areas in general.
In some crystals, defect structures were observed, which are detectable using micro-
scopic techniques. They consist of linear "silk"-like (cf. Zhou et al., 2003) inclusions
(Fig. 4.7 and Fig. 4.6f, g) and appeared in three crystals (CGOB12, 17, and 18 and ad-
ditionally in c-grown CGOB03). No relation to growth velocities was observed. These
inclusions appear approximately parallel to the c-axis with few exceptions to bend-
ing. Those "silk threads" that bend show distinct angles between 13 and 15°. The
main part of the "threads" is parallel to the b-c-plane (see Fig. 4.7). They consist of
bubble-shaped inclusions with lengths of up to 100 µm and diameters of around 10 to
30 µm. Inclusions are almost perfectly arranged in lines resulting in the "silk-thread"
like appearance. Sometimes, the whole inclusion or – more commonly – small parts
of them are black in colour. This is attributed to optical effects, since they appear
colourless under large magnifications when observed under the microscope. Some of
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Fig. 4.6: Sketch of a b-direction grown GdCOB-boule (a) with typical developments: (b)
seed-crystal interface with Ir-oxide precipitation on the seed (left hand-side) (c)
neck and shoulder with some "splashes" (d) irregularly changing diameter (e) steps
on a (201¯)-plane with growth striae (f) cylinder and foot, with silk-like defects and
(g) silk-defects in detail (sketch not to scale, length of bars 1 mm).
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the inclusions, as well as some parts, appear to be isotropic under crossed nicols. Inclu-
sions mainly occur in the lower third of the crystals. Only in crystal CGOB17, defects
also appear in the upper part.
Fig. 4.7: (a) Inclusions in GdCa4O(BO3)3 in cross section approx. perpendicular to the b-
direction. (b)–(d) Details showing their linear configuration and bending of the
trails. Crystal CGOB12, crack in the upper part of the picture (a).
A detailed investigation of the inclusions in CGOB12 by SEM techniques revealed
complex compositions. A polished sample, cut approximately perpendicular to the
growth direction was carbon coated for investigation to avoid charging. The sample
was taken from crystal CGOB12 (see Tab. A.1, thickness of the plate: 3.0 mm). At
least four to five different phases as illustrated in Fig. 4.8 were found. According
elemental contents of these phases are given relative to the crystal matrix in Tab. 4.4.
Unfortunately, boron could not be analysed by EDX techniques. Only for the high
boron bearing GdCa4O(BO3)3 matrix a boron signal was detected. Consequently, the
contents in the inclusions should be much less. Only semi-quantitative statements on
the chemical composition of the inclusions are possible. As observed in the SEM, some
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of the inclusions which reach the polished surface are empty or just partially filled with
foreign phases.
Fig. 4.8: Secondary electron image of an inclusion in GdCOB (CGOB12) with marked spots
of EDX analyses (see Tab. 4.4).
Tab. 4.4: Chemical composition of inclusions in sample CGOB12 compared to the
GdCa4O(BO3)3 matrix (cf. Fig. 4.8 for analytical points).
Measured Relative element content Additional
spot No. Gd O Ca remarks
1 high ± same low traces of Ir, P, Yb
2 high ± same low
3 ± same ± same low traces of Ir, P
4 ± same ± same low Ir, P, traces of Yb
5 ± none low high
Finally, the foot development is almost regular showing characteristic dendrites, but
without similar sharp cone ends as for the c-direction boules. It is a rather cone with
flat end (Fig. 4.6a), mostly of brownish colour. The (1¯01¯)-face continues in the foot as
a glossy surface free from dendrites (Fig. 4.6f).
Unfortunately, these inclusions were not detected using XRD methods. A definite
identification was not possible, therefore.
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4.3 Structural analyses
For structural refinement using single crystal X-ray diffraction, 2537 reflections were
measured of which 814 fulfill the criterion I > 2σ(I). These were used for structure
solution and solved by the least-squares structural refinement F2. The goodness of fit
equals R (R[F2]>2σ(F 2)) = 0.022 and the weighted residuals wR(F2) = 0.056.
Table 4.5 gives the refined atomic positions of the GdCa4O(BO3)3 unit cell. As can
be seen, no evidence for mixed occupancy between calcium and gadolinium was found,
since all positions are fully occupied by one atom each.
Tab. 4.5: Atomic parameters of GdCa4O(BO3)3 unit cell, more detailed results of the anal-
yses are given in the appendix (Tabs. A.3, A.4).
Atom x y z
Gd(1) 0 0 0
Ca(1) 0.142 28(15) 0.387 31(8) 0.3285(4)
Ca(2) 0.2617(17) 0.180 96(9) 0.6539(4)
O(1) 0.8282(12) 0 0.4132(3)
O(2) 0.4593(8) 0.9257(3) 0.7496(14)
O(3) 0.2926(6) 0.3296(3) 0.8851(14)
O(4) 0.0857(7) 0.1420(3) 0.0789(15)
O(5) 0.9670(7) 0.2694(3) 0.2772(14)
O(6) 0.1991(11) 0 0.6002(3)
B(1) 0.3796(13) 0 0.7032(3)
B(2) 0.9468(10) 0.1932(6) 0.0820(3)
4.4 UV-VIS- and IR-Spectroscopy
For UV-VIS and IR spectroscopic investigation the cylindric part of a GdCa4O(BO3)3
crystal was cut perpendicular to the growth direction ([010] in this case CGOB09, see
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Tab. A.1). Both sides of the slice were polished. Thickness of the slice was 2.5 mm.
Additionally, for IR investigation potassium bromide (KBr) pellets were produced.
They were analyzed with a sample/KBr weight ratio of 1/100 (sample weight 2 mg).
For these purposes, parts of crystal CGOB06 were grounded in an agate mortar and
mixed with an appropriate amount of KBr.
The UV-VIS an IR transmission spectrum of GdCa4O(BO3)3 is dominated by a wide
range of high transmission in the visible light and near infrared (IR) region and
distinct absorption phenomena in the ultraviolet (UV) and IR region (see Fig. 4.9,
4.10). Complete absorption in the UV range can be found below 207 nm (approx.
48 400 cm−1). The transmission range of GdCOB reaches from the absorption edge
at around 340 to 1100 nm (which marks the end of measurement, see also Fig. 4.9) or
29 400–9091 cm−1. Like illustrated in Fig. 4.10 the transmission range of GdCa4O(BO3)3
is extended up to around 2500 nm (4000 cm−1, although the wavelength range between
1100–1666 nm is not covered by the used spectrometers).
Fig. 4.9: Transmission spectra of GdCa4O(BO3)3 (CGOB09) in the range of 200–1100 nm
and enlarged range of 240–320 nm (inset).
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As stated above, in the range of 240–320 nm several sharp absorption features are ob-
served. Three groups of lines can be distinguished: (1) between 240–260 nm (around
40 000 cm−1), (2) between 270–285 nm (36 000 cm−1), and (3) 300–320 nm (32 000 cm−1),
each of them consisting of at least three peaks (see Fig. 4.9 inset).
Below 4000 cm−1, several absorption phenomena were observed yielding transmission
minima a 3690,3420, and 3080 cm−1 (2710, 2920, 3250 nm, respectively). At around
2670 cm−1 (3740 nm) reaches lowest measured levels, firstly. However, two transmission
windows are detectable at lower wavenumbers: a narrow one with peak maximum at
2350 cm−1 (4260 nm), reaching transmission of 25 % and a broader window between
2130 and 1700 cm−1 with two transmission peaks at 1940 and 1800 cm−1 (5150 and
5560 nm) with maximum transmission of 36 and 27 %, respectively.
Fig. 4.10: Transmission spectrum of GdCOB (CGOB09) in the infrared range.
The absorbance spectra of the GdCOB:KBr discs in the range of 1800–400 cm−1 are
characterised by several distinct features. Between 1800 and 400 cm−1, numerous bands
were detected (see Fig. 4.11). These consist of broad peaks (at around 1250 cm−1) as
well as sharp bands (e.g. 795 cm−1 and 750 cm−1).
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Fig. 4.11: IR absorbance spectrum of a GdCOB:KBr disc between 1800 and 400 cm−1.
For a first interpretation, these bands can be summarised as follows (in the order
from lower to higher wavenumbers): a relatively sharp peak at 467 cm−1, a group of
overlapping bands between 580 and 660 cm−1, groups between 720 and 820 cm−1, two
very weak peaks at 932 cm−1 and 945 cm−1, and the before mentioned strong and wide
bands between 1000 and 1600 cm−1 with a plateau like shoulder at around 1530 cm−1.
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4.5 Thermal properties
4.5.1 Thermal expansion: Second rank tensor calculation
The thermal expansion coefficient in general is a second rank tensor, which can be
calculated for any direction by the formula:
α(~n) = ~n · 2→α · ~n (4.2)
in which
→
n is the unit vector of an arbitrary direction with length of 1 and 2→α is the
second rank tensor which in turn for the special case of the monoclinic system is given
by:
T =

α11 0 α13
0 α22 0
α31 0 α33
 (4.3)
For symmetrical reasons, α31 equals α13 (see e.g. Paufler, 1986), which leads to
T =

α11 0 α13
0 α22 0
α13 0 α33
 (4.4)
It can be seen that four independent elements (α11, α22, α33, and α13) are necessary to
describe the tensor. They can be calculated in the following way (Geist, 2010):
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parallel to the a-axis ~n ‖ ~a : ~na =

1
0
0

α(~na) =

1
0
0
 ·

α11 0 α13
0 α22 0
α13 0 α33
 ·

1
0
0

=
(
1 0 0
)
·

α11
0
α13

α(~na) = α11
(4.5)
which means that the element α11 can be measured directly in the crystallographic
a-direction (100). α22 and α33 are calculated in the same way and represent α for the
b- and c-directions, respectively. α13 represents the diagonal between a- and c-axis
(ac-direction) in between the monoclinic angle β is to be found. It is calculated as:
~nac =

1√
2
0
1√
2
 (length = 1)
α(~nac) =

1√
2
0
1√
2
 ·

α11 0 α13
0 α22 0
α13 0 α33
 ·

1√
2
0
1√
2

=
(
1√
2
0 1√
2
)
·

α11√
2
+ α13√
2
0
α13√
2
+ α33√
2

= 1
2
α11 +
1
2
α13 +
1
2
α13 +
1
2
α33
= 1
2
(α11 + α33) + α13
(4.6)
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which leads to
α13 = α(~nac)− 12 (α (~na) + α (~nc)) (4.7)
Once α11, α22, α33, and α13 are determined, one can calculate the thermal expansion
coefficient (and therefore thermal expansion) in any arbitrary direction [hkl] in the
crystal combining formulas 4.2, 4.5 (and related), and 4.6 as follows:
α([hkl]) =

h
k
l
 ·

α11 0 α13
0 α22 0
α13 0 α33
 ·

h
k
l

=
α11h
2 + α22k
2 + α33l
2 + 2α13hl
h2 + k2 + l2
(4.8)
For a more detailed mathematical understanding of the thermal expansion coefficients
for monoclinic crystals see Schlenker et al. (1975).
Additionally, the volumetric expansion β can be calculated from the tensor in general
and is expressed by:
β = tr(T ) = α11 + α22 + . . .+ αnn =
n∑
i=1
αii (4.9)
Where tr(T ) is the trace of the tensor. It is therefore defined by the sum of the elements
on the main diagonal.
4.5.2 Results of dilatometry
Samples for dilatometry were prepared from single crystals, either from parts of the
neck from crystals grown in the respective directions (c- and b-directions) or from
parts of the cylinder, which were prepared according to the faces (see also Tab. 4.6).
The error of orientation is estimated to be below 2° in all directions and deviations
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occurring due to that are within the error range of the method. Lengths of the sample
bars were between 10 and 27 mm (see Tab. 4.6. Samples for a- and ac-directions were
taken from CGOB09. Therefore, the diameter (15 mm) of the crystal was the limiting
factor for the length of the tested sticks. Calibration sticks made from Al2O3-ceramics
were measured before samples. The length of the samples did not differ more than 20 %
from the Al2O3-stick’s length. Seven samples were taken from an overall number of
four crystals (CGOB09/13/14/15), including three different growth velocities (1, 1.5,
and 2 mm/h, see Tab. 4.6).
Tab. 4.6: Samples for dilatometry and their parameters.
Direction From crystal No. Growth velocity Sample length Cut from
‖ a CGOB09 1 mm/h 12.05 mm cylinder
‖ b CGOB09 1 mm/h 15.00 mm neck
‖ b CGOB13 1.5 mm/h 27.55 mm neck
‖ b CGOB14 1 mm/h 17.25 mm neck
‖ b CGOB15 2 mm/h 27.45 mm neck
‖ c CGOB06 1 mm/h 10.45 mm cylinder
‖ ac CGOB09 1 mm/h 13.75 mm cylinder
From section 4.5.1 follows that four directions had to be measured to describe the tensor
of thermal expansion. The results of the measurements are displayed in Fig. 4.12.
Due to the monoclinic crystal system, expansion is strongly anisotropic with the c-
direction ([001]) showing the largest expansion coefficient and b-direction ([010]) the
lowest (Tab. 4.7).
On a closer look, all four curves display almost linear slopes (and therefore linear
expansion) in two different temperature ranges: (1) from 150 ◦C to around 850 ◦C and
(2) above 850 ◦C. Two values for the two ranges are calculated for thermal expansion
coefficients which are presented in Tab. 4.7. The linear thermal expansion coefficients
increase above 850 ◦C by about 23 % (parallel c-direction) to 36 % (parallel b-direction),
see also Tab. 4.7.
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The two volumetric thermal expansion coefficients were calculated according to equa-
tion 4.9 and are also given in Tab. 4.7
Tab. 4.7: Thermal expansion coefficients in crystallographic directions and volumetric expan-
sion coefficients β in both temperature ranges (α, β given in ×10−6/K, uncertainty
given in 2σ, n > 5 each, see also Tab. A.5).
T αa αb αc αac β
<850 ◦C 11.1± 0.4 8.6± 0.4 14.6± 0.4 10.4± 0.4 34.3± 0.7
>850 ◦C 14.1± 0.1 11.7± 0.4 17.7± 0.6 13.2± 0.9 43.5± 0.7
In order to determine exactly the point of turn, the derivatives of the data curves were
computed. The first derivative represents the thermal expansion coefficient (see for-
mula 3.1) at any point of temperature. In the case of an ideal linear thermal expansion,
it should be constant over the whole temperature range, because it represents the slope
of the measured curve.
Fig. 4.12: Thermal expansion versus temperature measured for four crystallographic direc-
tions (for values see table 4.7).
4 Results 46
As can be seen in Fig. 4.13, the first derivative reveals a step, representing a change
in the slope and two different thermal expansion coefficients, which are almost linear.
The second derivative gives the variation of the slope. Showing a peak maximum, it
can be interpreted as the largest variation or, in this case, the turning point, at which
the thermal expansion coefficient changes. Of course the peak always has a certain
width, and therefore the change appears over a certain temperature range (between
800–880 ◦C).
There is no significant difference between the turning points for the [100]-, [010]-, and
[101]-directions. Merely the [001]-direction displayed an indistinct, rather wide peak,
for which the definition of the maximum point is difficult. This is because of revealing
a very slight change in slope in contrast to the other directions, which is illustrated in
Fig. 4.12. The maximum points were therefore determined for all other measurements
and averaged. A value of 848 ◦C was found.
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Fig. 4.13: Originally data (a) and smoothed first (b) and (c) second derivative, displaying
the turning point for increase in αac at 855 ◦C (slightly modified after Möckel
et al., 2012).
Following the mathematics of section 4.5.1, the results lead to the second rank tensors:
2→
α<850 ◦C =

11.1 0 −2.48
0 8.6 0
−2.48 0 14.6
 and 2→α>850 ◦C =

14.1 0 −2.62
0 11.7 0
−2.62 0 17.8
×10−6/K
It should be noted that eight out of nine different investigated samples in five dif-
ferent directions display differing behaviour during the first measurements, the only
exception to that is again the c-direction. The turning point for these measurements
is on average 50 K lower than for subsequent measurements. However, the difference
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between calculated expansion coefficients for the first measurements and the average
of the following ones is very low (usually under 4 %). Therefore, all values given in this
section were calculated including all measurements (n > 50), except for determination
of the turning points, which were averaged excluding the first measurements.
Experiments conducted upon cooling do not reveal significant changes in the expansion
behaviour, as illustrated in Fig. 4.14. The turning point calculations lead to an average
value of averaged 845 ◦C, showing indistinct and wide maxima, which are therefore
hard to determine. Apparently values of thermal expansion coefficients (contraction)
are slightly higher by 5–10 % than those upon heating for both temperature ranges (see
Tab.A.7).
Fig. 4.14: Thermal expansion behaviour on cooling (dashed lines) for the three main crys-
tallographic directions compared to the heating curves (solid lines).
4.5.3 Results of further high temperature investigation
(HT-XRD/DSC/HT-Raman spectroscopy)
HT-XRD was performed in order to check if there occurs a first-order phase tran-
sition, which would explain the thermal expansion behaviour. As can be seen from
Fig. 4.15 reveals, no transition is visible up to 1300 ◦C. However, the temperature peak
shift changes significantly in the temperature range around 800–900 ◦C, in accordance
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with the results presented in section 4.5.2. A Rietveld refinement was performed to
determine thermal expansion coefficients on an atomic scale. Generally speaking, the
results of section 4.5.2 were approved. Unfortunately, the XRD values displayed large
errors (up to >20 %).
Fig. 4.15: Temperature dependend powder X-ray diffraction pattern of GdCOB, revealing
that the phase remains the same in principal up to 1300 ◦C.
To precise XRD-data on the atomic scale, an additional measurements were performed
with the aim to refine the high temperature structure parameters (Fig. 4.17). This
investigation confirms that there occurs no detectable phase transition and the struc-
ture generally remains the same above 850 ◦C. The cell parameters found at 970 ◦C
and the resulting thermal coefficients are given in Tab. 4.8 (calculated according to
formular 3.1). Although, applied over the whole temperature range, these values may
serve as a comparison to literature data and the results from dilatometry.
DSC measurements on the material, operating at 5 K/min showed no distinct anomaly
over the whole temperature range, giving a constant TG/DSC signal. In contrast, at
higher heating rates like 40 K/min and also larger amounts of sample material of around
100 mg, a reproducible wide endothermic peak appears on the DSC curve. Fig. 4.18
illustrates the difference between two different heating rates of 20 and 40 K/min, respec-
tively. Slow heating (20 K/min in this case) reveals almost nothing (a slight increase
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Fig. 4.16: Detail of the high temperature XRD investigation illustrating the change of peak
shift, due to differing thermal expansion behaviour. Larger peaks between 46 and
47 degree2theta derive from platinum heat band.
Tab. 4.8: Cell parameters at room temperature and 970 ◦C from Rietveld analysis and the
resulting thermal expansion coefficients αa, αb, and αc.
Parameter Room temperature 970 ◦C α
a [Å] 8.094 8.180 11.3× 10−6/K
b [Å] 16.011 16.137 8.3× 10−6/K
c [Å] 3.557 3.605 14.4× 10−6/K
β [°] 101.26 101.45
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Fig. 4.17: More precise XRD measurements of GdCOB at room temperature and 970 ◦C,
respectively.
is detectable, though), whereas a wide but weak peak is clearly visible at fast heat-
ing. This peak starts at around 840 ◦C, and ends at 1000–1050 ◦C. Peak maximum
is around 950 ◦C (Fig. 4.19). The enthalpy for this transition represented by the area
below the peak was determined to be 2–6.4 J/g. The thermogravimetric signal remains
constant throughout the measurements. Samples were taken from crystals CGOB06
and CGOB09.
Determination of the CP-values showed a similar behaviour. Measurements with low
heating rates and low masses revealed indistinct curves whereas higher sample weights
(approx. 50 mg) and heating rates (in this case: 20 K/min) lead to weak but repro-
ducible peaks at around 920 ◦C as shown in Fig. 4.20.
For Raman investigation under elevated temperatures a sample from CGOB09 was
used, which was also involved in UV/VIS and IR spectroscopy. A part of the sample
slice was cut off to fit into the the heating cell. The sample’s b-axis was aligned parallel
to the primary laser beam. The evaluation of high temperature Raman spectroscopy
focuses on the bahaviour of the [BO3]-groups. Of particular interest are the symmetric
stretching modes ν1. Initially, at approximately room temperature two strong bands
appear in the spectra at 931 cm−1 ([B(2)O3]-group) and 945 cm−1 ([B(1)O3]-group)
4 Results 52
Fig. 4.18: DSC measurements comparing lower and higher heating rates, illustrating that
only high rates reveal a weak peak at around 950 ◦C (both measurements not base
line corrected).
Fig. 4.19: "Fast" DSC signal reveals an endothermic peak at around 950 ◦C (40 K/min, base
line corrected, same measurement as shown in Fig. 4.18).
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Fig. 4.20: A repeated measurement of CP-values of GdCOB, showing a peaks at around
920 ◦C in both curves (same conditions).
(cf. Ma¸czka et al., 2004). They are by far the most intense peaks in the masured
spectra. The whole spectra are given in the appendix, see Fig. A.2).
Figure 4.21 illustrates the evolution of these peaks during heating. Exact peak char-
acteristics were determined from peak fitting with R2 for the single fits better than
0.9986. Best R2 value found was 0.99957 (see also Tab. A.6). Interestingly, the tem-
perature peak shift for the ν1 stretching mode of the [B(1)O3]-group at 945 cm−1 is
faster than for the [B(2)O3]-group. Additionally, the peak area of the former signal
increases significantly below 850 ◦C and drops off above 850 ◦C. For the [B(2)O3]-group
the peak area remains unchanged up to 850 ◦C and drops off in intensity simultaneously
with the former signal. At the same time, the peak width (FWHM) of both signals
increases almost steadily (illustrated in Fig. 4.22).
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Fig. 4.21: High temperature Raman spectra displaying the ν1 stretching modes of the
[B(2)O3]- and [B(1)O3]-groups at 931 cm−1 and 945 cm−1, respectively. and the
progression during heating. Note that the peak at 970 cm−1 represents Ne-lines
used for calibration.
Fig. 4.22: Relationship between the peak parameters (integrated area and peak width) of
the ν1 stretching modes and temperature, illustrating the sudden drop of intensity
while the peak width increases relatively constant. Left: Area parameter, right:
Full width at half maximum (FWHM).
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5 Discussion
5.1 Sintering and growth conditions
The sinter conditions used in this work are found to be effective. However, other
approaches are described in literature. The choice of B2O3 instead of H3BO3 (which
has also been reported as suitable, e.g. Aka et al., 1996) was made because of the
less hygroscopic behaviour of boron oxide. B2O3 is much easier to handle. As has been
shown, an excess of boron oxide of about 2 wt.% is adequate for an optimum solid state
reactions. This is in agreement with published data of most authors working on the
REECOB-group. For both Gd and Ca, no alternative precursors have been described.
Furthermore, Gd2O3- and CaCO3-powders are inexpensive and easy to handle.
Upon sinter temperatures, there are some differences to be found in published results.
In general, a two-step sinter process is preferred for all REECOB members by other
workers (e.g. Aka et al., 1997; Nakao et al., 2006), but there have been also some
successful experiments using one-step sinter procedures (Aka et al., 1996; Vivien
et al., 2002). Of course, a one-step sinter process would be more efficient from
an economic point of view, but the conversion of almost 100 % of the precursors in
case of two-step sintering provided better results and is definitely more secure for the
whole following growth process. The amount of undesired phases could be decreased
significantly in the latter case.
The sinter temperatures are contradictory discussed in the literature. In most cases,
the first sinter step was performed at around 850–1000 ◦C for about 4–18 h. The tem-
perature of the second step is slightly higher: 1100–1350 ◦C with 12–24 h duration.
The sinter procedure described in this work (1000 ◦C for 10 hours and 1200 ◦C for again
10 hours, each with interstages) is effective. With a total required time of two days
lasting, it is also relatively short or at least not longer lasting than most of the methods
described in literature. This is an advantage in terms of economic syntheses.
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The sinter sequence described in section 4.1.2 was used in all cases and therefore none of
the later failures (cracking, inclusions, aborted growth experiments) could be ascribed
directly to the sinter procedure.
The melting point of GdCa4O(BO3)3 was determined here to be at around 1490 ◦C,
which is in good agreement with some other authors, who found similar values (e.g.
Klimm et al., 2002). On the other hand, some authors described a slightly lower
melting point of around 1480 ◦C (e.g. Aka et al., 1996, Mougel et al., 1998).
In all cases, melting appeared to be congruent in contrast to reported values of some
other endmembers of the REECOB-group (as LaCOB and YCOB).
Crystals of high quality were grown in both b- and c-direction. Nonetheless, more
crystals were grown in b-direction, since this is the obviously less accident-sensitive
choice. Crystals grown in c-direction with almost perfect circular cross section led to
more failure growth experiments than tests in b-direction. Similar results were reached
by most authors pulling crystals of the REECOB-group mostly along the b-axis. Only
few authors described growth in c-direction (e.g. Gheorghe et al., 2006). Three
cases were found where authors used completely different growth directions: orthogonal
to the (801)-facet which corresponds to the optical indicatrix Z-axis (Burmester
et al., 1999; Klimm et al., 2002) and along the (1¯10)-direction, which corresponds
to the optimum phase matching direction for nonlinear optical properties (Zhang
et al., 2000b). Such a direction is most convenient for maximum utilization of the
crystal body in terms of an optical application.
There are also various growth conditions to be found in the literature for REECOB:
growth velocities of 0.5–3 mm/h (although Iwai et al., 1997 reported the use of even
7 mm/h) with rotation rates of about 8 up to 50 rpm are given. Most commonly,
pulling rates of 1–2 mm/h are applied, with rotation rates of 10–30 rpm. According to
results presented here, a growth velocity of more than 2 mm/h lead to a considerably
higher failure rate (cracks, silk like inclusions).
A general problem is the cracking of crystals during growth or, more frequently, during
cooling, which has been repeatedly reported (e.g. Iwai et al., 1997). This is strongly
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associated with unsteady thermal expansion properties. An active afterheater is rec-
ommended, therefore, but is not compulsory, as results from this study revealed using
a passive afterheater. The long lasting cooling period (20 h) is totally justified and also
commonly found in published articles (20–40 h, e.g. Gheorghe et al., 2006, Nakao
et al., 2006).
Note however, that the growth parameters strongly depend on the particular config-
uration of the system used and can not be transferred directly from one to another
device, due to differing conditions (diameter of crucible and inducting coil, the heat
propagation etc.). Optimum conditions on crystal growth of GdCa4O(BO3)3 found in
this work might therefore possibly not work in the same manner on other devices.
The reasons for the failure experiments, when the crystal growth had to be aborted
completely (experiments CGOB02/04/10/16) are not clear. One reason could have
been the attachment of bubbles onto the growing crystal. Another possibility is the
presence of foreign phases in the melt leading to irregular growth in some cases. Im-
purities were found in regular crystals. Both possibilities are difficult to prove.
To summarize, a growth experiment with growth rate of 2 mm/h lasts around three
days with prearrangements that add at least four days (each two days for sintering
and melting), gives at least seven working days for the growth of one crystal of the
described dimensions.
5.2 Macroscopic properties
Crystals grown in c-direction showed irregular hexagons on the surface, which are very
similar in shape to the shape of the cross section of b-direction grown GdCOB crystals.
These features are therefore thought to be (010)-facets, indicating (2¯01)-, (101)-, and
(100)-planes.
The crystals grown in b-direction show typical rhombohedral cross sections, which is
reported for all REECOB materials grown in the same way and is, according to Ye
& Chai (1999), typical for monoclinic crystals (compare Fig. 4.5). Minor fluctuations
in crystal diameter (1–2 mm) are ascribed to fluctuations in the energy input of the
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device. Faster growing facets respond more sensitively to fluctuations, whereas slowly
growing faces are plane and show less and minor steps. Obviously, the (101)- and (1¯01¯)-
facets are fast growing planes and the (201¯)- and (2¯01)-facets are the slower growing
faces. That is why the (201¯)-plane is the more dominant feature in the parallelogram.
Contrary to the hexagons on the surface of the c-grown crystals, the (100, 1¯00)-planes
vanish completely in the b-direction grown crystals.
The nature of the "splashes" on the crystals’ surfaces still remains unclear. They appear
on both applied growth directions, sometimes over the whole crystal body. A possible
explanation would be the bursting of bubbles, which in some cases were observed in the
corners of the crucible. Such bubbles may result in a splash in sensus stricto. These
bubbles could also be responsible for irregular growth after a bubble is displaced from
the crucible wall and moves towards the growing crystal. Such an adhering "foreign
body" on the crystal surface could cause serious problems, leading to unintentional
growth effects. None of these effects was observed in situ, and the discussion remains
still speculative. Nonetheless, since the "splashes" exclusively appear on the surfaces
of the crystals, they obviously do not cause any further problems in these cases.
On the surfaces of some crystals, several "joints" appeared on two opposite edges of
the boules. Nakao et al. (2006) assigned such features to relicts of (100)- and (1¯00)-
facets which could be displaced by the more dominant facets of the afore mentioned
parallelogram of the cross section.
Inclusions in the crystals, such as have been presented in this work, were reported in
Bridgman-grown GdCOB-crystals. Zhou et al., 2003 ascribed them to calcium-rich
phases and therefore to a deficit of B2O3 in the melt. Investigations using SEM/EDX
techniques revealed that these inclusions are more complex, suggesting a more complex
history of their origin. The iridium impurities may derive from the crucible material.
Less clear is the source for the phosphorus contents in the inclusions. A contamination
is unlikely, considering the substances used, but can not be fully excluded. Questionable
is the occurrence of ytterbium in some phases. Even though the rare earth elements
often occur together, the purity of 99.99 % (4N) of Gd2O3 as precursor can not explain
the presence of Yb in that amount. On the other hand, a possible contamination
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could lead to highly concentrated impurities, as the foreign material cumulates in
microphases. Therefore, the impurities are tentatively ascribed to melt contamination
of a so far unidentified source.
Another phase was found in the inclusions containing solely calcium and oxygen (and
possibly boron), which may explain the existence of small optical isotropic phases
under the microscopic, since CaO is cubic. Other non-cubic phases of the system are
not known so far. Of course, the possibility of the existence of further isotropic phases is
given and the occurrence of melt inclusions can not be excluded. Unfortunately, due to
merely available relative chemical data, none of the phases could be identified precisely.
In addition, gaseous inclusions (empty holes) were found during SEM investigation,
although it is not clear, if this was a matter of preparation (e.g. in terms of removal
of foreign phases during polishing).
Since the silk-like impurities are found mainly in the lower parts of the crystal, it is
suggested that they occur during enrichment processes in the melt, independent from
the source of impurity. This results in an increasing concentration of undesired phases
in the melt, during the progressing extraction of GdCOB. Enrichments in impurities
could also be explained by non-stoichiometric growth, possibly triggered additionally
by a mixed site occupation (e.g. Ilyukhin & Dzhurinskii, 1993). A preferred occu-
pation of one element in another site would lead to a shift of the chemical composition
of the melt (as well as in the crystal, of course). However, crystal structure analysis
do not indicate mixing of atom sites. Therefore, such interpretation appears rather
unlikely. Even the presence of mixed occupation below the detection limits of XRD
could not explain the occurrence of the impurities.
In the residual material of the crucible, no other phases were detected by powder
XRD. The assumed detectable amount lie at 1–2 wt %. As was found by microscopic
observations, the volumina of the inclusions were also rather low (diameter 5–10 µm,
length up to 10–30 µm).
If one considers morphological aspects, the occurrence of the inclusions in distinct
directions may be plausible, because defects occur generally more commonly on fast
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growing facets of the crystal. In this particular case the (100)-plane is the fastest
growing face. The silk-like defects occur parallel to this particular plane. On the other
hand, a morphological equivalent for the lineations approximately 15° bended can not
be found. Since this angle is commonly found in bended lineations, structural reasons
are likely.
Nevertheless, the occurrence of inclusions remains controversial. Defect bearing crys-
tals are useless for technological application. It shows that there is a discrepancy
between the desired stoichiometry of the material and the composition of the melt.
This mismatch is either due to
• impurities in the melt (like Ir from the crucible),
• losses of material during synthesis processes,
• deviations of stoichiometry after weighing and mixing of the precursors,
• mixed site occupancies,
• inaccurate compensation of water adsorption of B2O3, or
• combination of these possibilities.
5.3 Structural refinement
Structural refinements were conducted with the aim to prove or disprove a possible
cation exchange in the Gd and Ca positions of the structure. Still a disorder in
REECOB materials between the REE- and calcium-ions is discussed in the litera-
ture (e.g. Mougel et al., 1998; Kuzmicheva et al., 2002). The refinement of
single crystal X-ray diffraction data in this study revealed no disorder between calcium
and gadolinium at octahedral crystal positions. The structure appears well ordered
at room temperature. Minor exchange can still not be excluded. In general, the re-
sults of Mougel et al. (1998) were confirmed. An increase of disorder by means of
mixed chemical variation in the specific Gd and Ca sites at higher temperatures is also
possible.
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The atomic positions are in good accordance with other published data (e.g. Ilyukhin
& Dzhurinskii, 1993; Mougel et al., 1998) and no problems occurred during
refinement.
5.4 Results from UV-VIS and IR spectroscopy
The spectra of the UV-VIS-measurements of GdCa4O(BO3)3 show a good transparency
over a broad range from 340–1100 nm, similar to some other members of the REECOB
group as LaCOB and YCOB. The transmission range is extended to the near infrared
up to around 2500 nm. Absorption lines in the near to middle ultraviolet region are
characteristic for Gd3+ electronic transitions from the ground state (level called spec-
troscopic state or Russell-Saunders term 8S7/2; Burns, 1993) to well-defined excited
levels in the according energy range. These levels are almost independent from the host,
because the transitions occur in the 4f-shell of the ion (intraconfigurational transitions).
In fact, the Gd3+ ion shows the weakest coupling with the crystal lattice of all rare
earth ions (Dieke, 1968). This is due to the half filled 4f-shell which is well-shielded
from external influences by the completely filled outer 5s2 and 5p6-shells (the electronic
structure of Gd3+-ion is given by: [Xe]4f7, whereas the atom is: [Xe]4f75d16s2). Never-
theless, the site symmetry of the Gd3+-ion in the host influences significantly the line
positions, intensity relations, line width, and splitting, resulting in differing spectra.
As the measurements in the wavelength range from 247–315 nm reveal, three groups
of absorption bands can be found. Just the three peaks of the 300–320 nm absorption
bands can be directly assigned to distinct energy levels (see Fig. 5.1 and Tab. 5.1),
the others are in a very narrow range and can not be resolved correctly, even with the
knowledge of the quantity of the theoretical energy levels.
As illustrated in figure 5.1 14 distinct elevated energy levels for the Gd3+-ion in the
ultraviolet light range exist in principal, subdivided into three groups; none of them in
the visible light range (Hellwege et al., 1963; in fact, there are additional energy
levels to be found at even lower wavelengths, see Wegh et al., 2000). The three
groups are ascribed to three unsplit levels: 6P, 6I, and 6D, each of them providing
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Fig. 5.1: Absorption bands and according energy states of Gd3+ in GdCOB (see also Tab. 5.1
cf. Aka et al., 1997).
several distinct levels: 6PJ with J = 7/2, 5/2, 3/2; 6IJ with J = 7/2, 9/2, 19/2, 11/2, 15/2,
13/2 and 6DJ with J = 9/2, 1/2, 7/2, 3/2, 5/2 (in order from lowest to highest energy level,
Dieke, 1968).
Most intense absorption takes place in the 270–285 nm-range (around 36 000 cm−1),
corresponding to 8S7/2 → 6I transitions.
Comparisons with data from the literature published so far reveal that results here are
mostly in good agreement with them. Due to the overlapping of the absorption bands,
the peaks are also grouped in the before mentioned three bands without resolving them,
as shown in Aka et al. (1997). In contrast Iwai et al. (1997) reported six sharp
lines, obviously considering just the measured main peaks.
A noteworthy fact is the relative stable and high transmission rate (above 80 %) of the
GdCOB crystals. The absorption behaviour of GdCa4O(BO3)3 is promising for optical
application, since no absorption occurs in the visible range. For instance, selective
doping with other (rare earth) elements can provide distinct energy levels in this range.
Except for cerium and ytterbium, all other rare earth elements show distinct absorption
lines in the visible range.
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Tab. 5.1: Absorption peaks in the UV-range of GdCa4O(BO3)3 and associated excited energy
levels (see also Figs. 4.9 and 5.1).
Absorption band Energy levels
[nm] [cm−1] 8S7/2 →
247–255 40 486–39 215 6DJ (J = 9/2, 1/2, 7/2, 3/2, 5/2)
275–282 36 636–35 461 6IJ (J = 7/2, 9/2, 19/2, 11/2, 15/2, 13/2)
303 33 003 6P3/2
308 32 468 6P5/2
314 31 847 6P7/2
The extension of the transmission measurement to infrared wavelengths revealed a
wide transmission window up to 2500 nm (4000 cm−1). This range of 320–2500 nm is
adequate for optical applications like frequency conversion (Aka et al., 1997) and
is therefore of high interest for optical industries. Additional transmission windows
observed between 1600 and 2400 cm−1 are probably related to combination/overtone
bands (cf. Mak et al., 2001). Aka et al. (1997) assigned the three absorption
minimum peaks between 3000 and 4000 cm−1 preliminary to OH groups. Since the
intensity of transmission decreases of around 45 %, the amount of OH groups in the
structure should be rather high, which seems unlikely. Furthermore, results of single
crystal X-ray diffraction does not support such an assumption. At this stage, with
the present data no definitive explanation for these absorption lines can be given.
Additional data on polarized transmission are needed.
There has been several publications on the IR spectra of GdCOB (e.g Aka et al.,
1997; Mougel et al., 1997; Mak et al., 2001). Ma¸czka et al. (2004) gave
the most detailed information about the structural interpretation on the basis of both
IR and Raman data from measurements of KBr discs. The spectra reported in this
work are in good agreement with data from Ma¸czka et al. (2004). All bands
found between 580 and 1600 cm−1 were assigned to symmetrical and asymmetrical
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bending and stretching modes of the two [BO3]3- triangles in the structure. The large
bands around 1300 cm−1 are interpreted as a mixture of asymmetrical stretching modes
of both planar groups. Accordingly, bands at around 760 cm−1 belong to symmetri-
cal bending, with the stronger peaks caused by the [B(2)O3]3- groups. Asymmetrical
bending modes of both B(1) and B(2) groups are responsible for the peaks at around
610 cm−1. The only peak in the measured range, which is not assigned to BO3-modes, is
an O(1)-vibrational mode at 467 cm−1. Ca–O and Gd–O vibrations should occur below
400 cm−1. The plateau-like peak at around 1530 cm−1 is not discussed in the literature
so far, but illustrated for YCOB by Krishnakumar & Nagalakshmi (2004).
5.5 Thermal expansion coefficients and phase transition
The mechanical behaviour of GdCOB in high temperature environments is character-
ized by two factors: (1) the anisotropy of thermal expansion coefficients due to the
monoclinic structure and (2) the change in thermal expansion at around 850 ◦C. Both
factors demand a very slow cooling regime for the crystal, after it has been pulled out
of the melt. For the high mechanical anisotropy of the monoclinic structure Zhou
et al. (2003) gave a detailed explanation. The planar borate-triangles lie approx-
imately parallel to the (001)-plane. Therefore, the bonding is much stronger along
the crystallographic a- and b-direction than along the c-axis, which gives the atoms
more space in c-direction (Fig. 2.1, p. 6). Bubnova & Filatov (2008) found that
the thermal expansion coefficients of structures which contain borate groups are in
general strongly anisotropic, sometimes including even negative expansion coefficients
in distinct directions. They attributed this fact to the strong bondings between boron
and oxygen within the [BO3]-groups and a possible movement relative to each other.
There is only one reference in literature, where a change in coefficients has been de-
scribed. Mougel et al. (1998) also found a weak change in the slope of the L
L0
/T -
curves at 860 ◦C. However, the effect was documented by HT-XRD. No change was seen
in the dilatometry curves, though. Mougel et al. gave linear expansion coefficients
for two ranges: T<860 ◦C and T>860 ◦C according to the HT-XRD measurements. The
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values found in this work are in good agreement with the published data of Mougel
et al. (1998) for the range below 860 ◦C. Above 860 ◦C, thermal expansion coefficients
reported are higher (see Tab. 5.2). A reason for the change in the expansion coefficients
is not provided by Mougel et al. (1998). Most published measurements on thermal
expansion behaviour, even on other members of the REECOB family, do not exceed
the turning point (e.g. Shujun et al., 2000; Ge et al., 2007; Wei et al., 2008,
see also Tab. 5.2) or ignore visible changes in the curve (Zhou et al., 2003).
Tab. 5.2 compiles thermal expansion coefficients of pure compounds of the REECOB-
system, published so far. Note that doping of pure compounds with several dopants, as
for laser applications, may significantly change these values (e.g. Wang et al., 2000,
Wei et al., 2008). It has to be emphasized that GdCOB has the highest thermal
expansion coefficients in the REECOB group. These may yield some limitations in
application of this material. Other members of the REECOB-system might possibly
offer technological advantages, in processing (mounting) and application under high
temperature conditions.
It is, however, not clear at this stage, whether the change in expansion coefficients
influences the proposed technical application as a high temperature sensor. Publica-
tions on high temperature piezoelectric data are rare, and none of them contain any
information on a possible change in characteristics at 850 ◦C in any of the REECOB
members (Zhang et al. 2008a, 2008b, 2008c, and Zhang et al., 2011).
The effect of changes in thermal expansion was reproducible. Therefore, no irreversible
transformation occurred. Note, however, that for the first measurements a slightly
different behaviour was sometimes observed. Yielding turning points are around 50 K
lower than the average of the subsequent measurements. This is obviously a question
of subsequent annealing. Once the sample was heated, the properties remained stable.
It is therefore proposed to apply an annealing procedure before technical application
to avoid mechanical problems.
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Tab. 5.2: Comparison of thermal expansion coefficients in the REECOB system (values given
in a–b–c or X–Y–Z order in each row).
Material Expansion coefficients α Temp. Reference
[10−6/K] range [◦C]
Ca4GdO(BO3)3∗ 11.1 8.6 14.6 RT–850 this work
Ca4GdO(BO3)3∗ 14.1 11.7 17.8 850–1200 this work
Ca4GdO(BO3)3∗ 10.2 8.3 14.3 RT–1000 Mougel et al. (1998)
Ca4GdO(BO3)3∗ 11.1 8.3 15.0 RT–860 Mougel et al. (1998)
Ca4GdO(BO3)3∗ 17.0 13.3 21.0 860–1100 Mougel et al. (1998)
Ca4GdO(BO3)3∗ 11.3 5.3 7.2 RT–300 Zhang et al. (2000a)
Ca4GdO(BO3)3∗ 10.35 7.78 13.1 20–1000 Zhou et al. (2003)
Ca4YO(BO3)3∗ 9.9 8.2 12.8 20–900 Luo et al. (2001)
Ca4SmO(BO3)3† 10.3 3.8 8.2 25–300 Shujun et al. (2000)
Ca4LaO(BO3)3† 5.61 7.21 11.01 30–300 Jiang et al. (2003)
Ca4LaO(BO3)3† 7.36 8.17 11.4 75–775 Shimizu et al. (2004)
Ca4NdO(BO3)3∗ 6.86‡ 6.37‡ 12.03‡ RT–490 Zhang et al. (2010)
Ca4NdO(BO3)3∗ 8.12 5.96 10.3 RT–500 Yu et al. (2010)
∗
measured along abc-directions (crystallographic axes)
†
measured along XYZ-directions (optical axes)
‡
values rounded from reference
Values determined from cooling experiments did lead to slightly different values. These
small differences are assumed to be due passive cooling. In this case, an exact temper-
ature programme and profile in the measuring chamber is difficult to provide. It may
be concluded, that there is no significant shift of the turning point between heating
and cooling.
Measurements on DSC/DTA characteristics were conducted to clarify the effect. The
measurements show a very wide and smooth endothermic maximum in the area of
850–1000 ◦C on the DSC curve. The measured enthalpy for this effect lies between
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2 and 6.4 J/g. For comparison, this value is of the same magnitude as given for the
well-known α–β-transition enthalpy of quartz (7–10 J/g, see e.g. in Ghiorso et al.,
1979; Richet et al., 1982). Therefore, the effect could be caused by a similar phase
transition.
The Cp-measurements support such findings. Weak but reproducible peaks were de-
tected, which is, according to Heide (1979), indicative of a diffuse phase transition.
The peak maximum temperature is determined to be around 920 ◦C.
These DSC peaks were very weak and were only obtained when applying high heating
rates (> 20 K/min), whereas the quartz-transition reveals sharp peaks even at low
heating rates (e.g. 2.5 K/min, Ghiorso et al., 1979). If one considers these high
heating rates and exceptional large weights used (2 to 3 times higher than normally
used in such investigations) the raised peak values could coincide with the temperature
found by dilatometry. It is assumed that this is a reasonable explanation for the
temperature shift between dilatometry and DSC.
Dilatometry was more sensitive to changes than thermoanalytic methods using DSC
techniques, which may be the reason for not getting valuable information at lower
heating rates. There are many publications presenting DTA or DSC curves, mostly
focusing on melting and crystallization behaviour of REECOB (e.g. Aka et al., 1996,
Klimm et al., 2002). None of them display an endothermic peak in the mentioned
temperature range.
There may be several reasons for not getting valuable thermal expansion coefficients
from HT-XRD. First of all, the combination of the equipment using a Göbel-mirror
and an area-detector produces peak shapes, which are hardly suitable for Rietveld-
refinement investigation. The sample-height-error of the sample was difficult to deter-
mine due to the thermal expansion of the platinum heat band and additional height
shift. In addition, zero point shift at elevated temperatures reinforces the problem.
Nonetheless, contrary to the first assumption made from DSC-results, the measure-
ments demonstrate that there occurs no first order phase transition as in the α–β-
transition of quartz. This was confirmed in a second set of high temperature measure-
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ments, when data were suitable to refinement by the Rietveld-method. There was no
significant change in the structure detected. The thermal expansion coefficients found
from these values are in good agreement to those found in dilatometry measurements,
of course without considering the change in coefficients as there were just two measure-
ments. The change in thermal expansion is clearly visible in the first series of HT-XRD
investigation (Fig. 4.16).
Table 5.3 gives the measured values of the cell parameters as well as the expected values
calculated from thermal expansion coefficients from dilatometry investigations (using
both ranges). As can be seen, the difference is small except for the c-value. This fact can
be ascribed to the large error of the αc-value, especially in the high temperature range
above 850° (αc=(17.7± 0.6)× 10−6/K). The c-value from the Rietveld refinement at
970° can still be reproduced within the error range of αc. The same conclusions can
be made from the other way around: calculating the thermal expansion coefficients
from the Rietveld values; which led to results in good accordance to values found in
literature for one single coefficient (compare Tab. 4.8 and 5.2).
Tab. 5.3: Comparison of the Rietveld-analysis found and expected cell parameters (calcula-
tion from Rietveld data at room temperature, see Tab. 4.8).
cell parameter a b c
Rietveld analysis 8.180 16.137 3.605
calculated values 8.183 16.150 3.764
difference [%] 0.04 0.08 4.4
In contrast to the XRD-results, thermal analyses point to a phase transition. Phase
transitions from a thermodynamical point of view are classified by the progression of the
Gibb’s energy G. The energies of two possible polymorphs are equal at the transition
temperature and there is no discontinuity. In the case of a first-order-transition the
first derivatives of the G, ∂G/∂T and ∂G/∂P , which represent negative entropy (−S)
and volume (V ), respectively, are discontinuous. During phase transitions of second (or
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higher) order, the first derivatives of G are continuous, but derivatives of higher order
are discontinuous. The thermal volume expansion β for example is a second derivative
of G: ∂2G/∂T∂P = β (see e.g. in Putnis, 2003). Since in the case of GdCa4O(BO3)3
α changes continuously, the volume is also continuously increasing with temperature.
The discontinuity occurs in the derivative of the thermal expansion, represented by
a step – which appears to have a certain width, due to the measurement technique.
Therefore, the next derivative is unsteady. That gives rise to the assumption that the
transition at around 850 ◦C is a phase transition of higher order. Unfortunately, the Cp
values are hard to determine. The shape of the Cp curve can provide more information
on the kind of transition (Heide, 1979 and references therein). A peak, like found for
GdCa4O(BO3)3, points to a so called diffuse phase transition (DPT, see e.g. Heide,
1979; Choo & Kim, 1992, and references therein). A possible order-disorder transition
is suggested. To combine that with a structural point of view, high temperature Raman
spectra provide valuable information on the nature of the transition. As mentioned
afore, Bubnova & Filatov (2008) proposed a possible mechanism of shifting and
tilting of relatively rigid [BO3]-groups, which is supported by the behaviour of the
internal Raman modes. An important feature of Raman spectroscopy in general is the
possibility to get relevant information from polarized spectra. Hence, the shape of the
Raman spectra strongly depends on the light propagation and the polarizing direction.
For internal vibrations, changes in the spectra may be caused by changes in relative
orientation of the [BO3]-groups. Since in the measurements in this work polarized
detection of reflected light was not possible only light propagation and polarization of
the incident light could be fixed.
The abrupt decrease in the detected intensity of the stretching modes of the [BO3]-
groups above 850 ◦C can be related to a turning of these groups out of the preferred
main direction (cf. Lorriaux-Rubbens et al., 2000; Ma¸czka et al., 2004). The
initial increase in intensity of the stretching mode of the [B(2)O3]-group, in contrast,
indicates a turning of the group into the preferred direction (parallel to the b-axis,
similar to the [B(1)O3]-group), which is accompanied by a slight convergence of the
peak positions (equalization of both groups). This model is illustrated in Fig. 5.2.
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At the transition temperature at around 850 ◦C both groups rapidly tilt out of the
their orientation. Of course, all structural groups in the compound are affected by the
movement of the [BO3]-groups. The Gd- and Ca(1)-octahedra and the Ca(2)-polyhedra
presumably turn slightly, too. Unfortunately, a direct evidence is still missing.
Vivien et al. (2002) introduced a similar model. They noted endothermic peaks
in DTA measurements of YCOB at 1130 ◦C. In conclusion, they introduced a simi-
lar model of tilting [BO3]-groups and an according structural transformation without
reorganization the crystal lattice. Unfortunately, they did not present further details.
Applying this model, the features of the change in thermal expansion could be coher-
ently explained. The lowest increase of the thermal expansion coefficient is found in
the c-direction because the bonding strength gains as the [BO3]-triangles turns towards
the ac-plane (cf. Zhou et al., 2003). Simultaneously, the bond strength along the
b-axis decreases, accompanied by the largest increase (36 %) of the thermal expansion
coefficients. A simple rotation of the [BO3]-groups into the ac-plane could not explain
the change of coefficients parallel to the a-axis, though. Hence, it is assumed that there
also occurs a tilting with a rotation axis parallel to the b-axis as illustrated in Fig. 5.2.
Unfortunatelly, this assumption could not be verified by HT-Raman spectroscopy, since
the device configuration does not support polarized spectra accumulation.
Fig. 5.2: A model for the proposed tilting of the BO3-groups. Left: view along b-axis
(changed from Ma¸czka et al., 2004), right: part of the unit cell. Dashed ar-
rows indicate a possible rotation with axis parallel to the b-axis.
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A simple movement of a group of atoms in the unit cell – to which the above mentioned
rotation leads – without changing the symmetry accompanies no change in the high
temperature X-ray diffraction pattern with regard to distinct peak changes. It would
lead to a shift in intensities, which in the case of the here shown measurements was
not detected. The lack of a significant change may be due to an overlay with temper-
ature dependent decrease of intensities. This kind of movement of the BO3-triangles
may also be interpreted as an order-disorder effect, supporting the afore mentioned
considerations about the Gibb’s energy G. In addition, a possible order-disorder effect
could also be explained by the disorder of Ca and Gd atoms, which was found to be
insignificant and not in accord with the Raman data. Raman spectroscopy point to a
tilting of BO3-groups.
6 Conclusions 72
6 Conclusions
In this work, the crystal growth of the oxoborate group member GdCa4O(BO3)3 was
described in detail. From the starting materials to solid state reactions and growth,
experiments were conducted in order to find efficient synthesizing parameters. Crystals
obtained from the Czochralski growth are of good quality. However, failure experiments
showed the general difficulty of growing crystals (not only for REECOB). Comparison
of own experiments with literature data demonstrates that there are various possible
sets of parameters for the synthesis process depending on the substances and the equip-
ment used. Growth velocities can be increased up to 2–3 mm/h to minimize the time
of synthesis. Inclusions that were found in several crystals are possibly derived from
the melt.
The main focus of the subsequent investigations of the crystals was placed on the
thermo-mechanical behaviour of GdCa4O(BO3)3. A significant change in thermal ex-
pansion coefficients at around 850 ◦C was observed during dilatometric investigation.
This effect has very little influence on other thermal parameters but was verified by
DSC measurements. It has been shown that the related phase transition is of higher
order. An order-disorder transition is suggested. Raman investigation under high tem-
peratures showed that a rotation of the BO3-groups may be responsible. Unfortunately,
a direct proof via X-ray structural analysis was not successful, yet. Another possibility
for an explanation could also be the order-disorder characteristics of a mixed occupancy
on the Gd and Ca(1) atomic sites, which was not detected at room temperature, but
is still under persistent discussion in the relevant literature. Therefore, the disorder
in terms of occupancy could increase at elevated temperatures. It therefore could also
play an important role on high temperature characteristics of the GdCOB compound.
In contrast to the tilting BO3-groups this could not be significantly detected by any
of the applied methods, though. To confirm the one or the other theory more precise
structural investigations are necessary. A possible technique could be high tempera-
ture synchrotron diffraction utilizing high energetic X-rays or neutron diffraction for
accurate structural investigation. Due to the exceptionally high absorption proper-
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ties of Gd and the B10 isotope neutron diffraction does not come into consideration,
unfortunately. Polarized Raman spectroscopy could also lead to valuable results.
It is not clear at this stage, if this behaviour influences the proposed technical ap-
plication of GdCOB as an high temperature piezoelectric sensor material. However,
piezoelectric parameters defined by recent investigations, seem not to be influenced
by the phase transition, though. Another possible problem might be the mounting of
processed crystal parts onto a suitable substrate. Indeed, further investigations on that
topic are indispensable for the intended application. It should also be investigated, if
the other members of the REECOB-group reveal similar manner. Maybe there are
other compounds which might be more useful for the intended application.
In conclusion, it has to be pointed out that, although more than 150 articles on the
rare earth calcium oxoborates were published during the last two decades, there is still
"plenty of room at the bottom" for further work.
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A Appendix
Tab. A.1: Different experiments on crystal growth. If not mentioned otherwise, all conditions
were: pulling rate 1 mm/h, rotation rate 6 /min, diameter: 5 mm (neck), 15 mm
(cylinder), [001]-direction
No. Conditions/remarks Picture
CGOB01 diameter of cylinder: 12 mm
CGOB02 failure experiment
CGOB03 diameter of cylinder: 18 mm, cracks
within the whole cylinder
CGOB04 failure due to foot development, pieces still available (shoulder)
CGOB05
Continued on next page
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Tab. A.1: – continued from previous page
No. Conditions/remarks Picture
CGOB06 increased translation rate 1.5 mm/h,
cracks on two facets, middle part sin-
gle crystalline and free of cracks
CGOB07
CGOB08 enlargement of [010]-oriented seed from
CGOB06, length 52 mm, diameter
6 mm
CGOB09 [010]-direction
CGOB10 [010]-direction, failure due to foot development
Continued on next page
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Tab. A.1: – continued from previous page
No. Conditions/remarks Picture
CGOB11 [010]-direction
CGOB12 [010]-direction
CGOB13 [010]-direction, increased translation
rate 1.5 mm/h
CGOB14 [010]-direction
CGOB15 [010]-direction, increased translation
rate 2 mm/h
Continued on next page
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Tab. A.1: – continued from previous page
No. Conditions/remarks Picture
CGOB16 [010]-direction, increased translation
rate 3 mm/h, process was aborted after
irregular growth
CGOB17 [010]-direction, increased translation
rate 3 mm/h
CGOB18 [010]-direction, increased translation
rate 2 mm/h
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Tab. A.2: Sinter starting and output weights for the following growth experiments(data for
CGOB01–CGOB03 got lost)
Later growth 1st sinter step 2nd sinter step overall
experiment net weight out weight loss [%] net weight out weight loss [%] loss [%]
CGOB04 141.660 104.578 26.18 104.493 104.405 0.08 26.26
CGOB05 26.861 19.799 26.29 19.719 19.694 0.13 26.42
CGOB06 47.006 34.672 26.24 34.745 34.679 0.19 26.43
CGOB07 53.824 39.742 26.16 39.743 39.674 0.17 26.34
CGOB08 53.902 39.796 26.17 39.790 39.740 0.13 26.30
CGOB10 53.988 39.783 26.31 39.807 39.765 0.11 26.47
CGOB12 47.275 34.828 26.33 34.855 34.817 0.11 26.44
CGOB13 141.770 104.662 26.17 104.600 104.462 0.13 26.31
CGOB14 51.265 37.822 26.22 37.846 37.787 0.16 26.38
CGOB15 53.640 39.526 26.31 39.714 39.647 0.17 26.48
CGOB16 53.924 39.868 26.07 39.887 39.769 0.30 26.36
CGOB18 56.632 41.804 26.18 41.750 41.707 0.10 26.29
average 26.22 0.15 26.37
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Tab. A.3: Measured atomic positions of GdCOB, raw data and displacement parameters.
x y z Uiso/Ueq
Gd1 1.0059 1.0000 1.0072 0.0215(2)
Ca1 0.863 62(15) 0.612 69(8) 0.6787(4) 0.0099(3)
Ca2 0.744 20(17) 0.819 04(9) 0.3533(4) 0.0209(3)
O1 1.1777(12) 1.0000 1.594(3) 0.0187(19)
O2 0.5466(8) 1.0743(3) 0.2576(14) 0.0262(13)
O3 0.7133(6) 0.6731(3) 1.1221(14) 0.0224(11)
O4 0.9202(7) 0.8580(3) 0.9283(15) 0.0216(11)
O5 1.0389(7) 0.7306(3) 0.7300(14) 0.0221(10)
O6 0.8068(11) 1.0000 0.407(3) 0.025(2)
B1 0.6263(13) 1.0000 0.304(3) 0.018(2)
B2 1.0591(10) 0.8068(6) 0.927(3) 0.0202(17)
Tab. A.4: Anisotropic atomic displacement parameters (Å2).
U11 U22 U33 U12 U13 U23
Gd1 0.0212(3) 0.0248(3) 0.0193(2) 0.000 0.005 39(16) 0.000
Ca1 0.0098(6) 0.0090(7) 0.0110(6) 0.0007(5) 0.0021(5) 0.0004(5)
Ca2 0.0207(7) 0.0249(8) 0.0176(7) −0.0020(6) 0.0052(6) −0.0008(5)
O1 0.028(4) 0.007(4) 0.021(5) 0.000 0.006(3) 0.000
O2 0.038(3) 0.025(3) 0.016(3) 0.014(3) 0.006(2) 0.001(2)
O3 0.021(3) 0.028(3) 0.019(3) 0.006(2) 0.005(2) −0.001(2)
O4 0.025(3) 0.011(2) 0.029(3) 0.008(2) 0.007(2) 0.004(2)
O5 0.027(3) 0.019(3) 0.021(2) −0.001(2) 0.007(2) −0.005(2)
O6 0.009(4) 0.046(6) 0.020(5) 0.000 0.006(3) 0.000
B1 0.012(5) 0.021(6) 0.019(5) 0.000 0.000(4) 0.000
B2 0.019(4) 0.021(4) 0.022(4) −0.004(3) 0.006(3) 0.014(3)
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Fig. A.1: Results of dilatometry of GdCOB in four directions.
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Tab. A.5: Compilation of thermal expansion data, including the first measurements (a-
value), which differ significantly from the following measurements.
Measure Turning point α<850 ◦C α>850 ◦C Increase
No. [◦C] [×10−6/K] [%]
parallel a
CGOB6-a2 850 10.98 14.11 28.5
CGOB6-a3 850 11.00 14.06 27.8
CGOB6-a4 855 10.94 14.12 29.1
CGOB6-a5 845 11.37 13.73 20.8
CGOB6-a6 855 10.84 13.86 27.9
CGOB6-a7 844 11.38 14.63 28.6
CGOB6-a8 851 10.85 13.87 27.8
CGOB6-a9 837 11.26 14.31 27.1
a-values:
CGOB6-a 800 11.25 14.1 25.3
parallel b
CGOB9-b 850 8.55 11.65 36.3
CGOB9-c 852 8.56 11.55 34.9
CGOB13-b 830 8.51 11.76 38.2
CGOB13-c 830 8.47 11.97 41.3
CGOB14-b 845 8.46 11.8 39.5
CGOB14-c 840 8.56 11.37 32.8
CGOB14-d 840 8.99 11.9 32.4
CGOB14-e 845 8.29 11.28 36.1
CGOB14-f 840 8.66 11.45 32.2
CGOB14-g 840 9.07 12.08 33.2
CGOB15-b 830 8.55 11.56 35.2
CGOB15-c 825 8.43 11.57 37.2
CGOB14j 842 8.21 10.75 30.9
CGOB9-d 860 8.21 11.28 37.4
Z-GOB14 844 8.17 11.31 38.4
Z-GCOB9 862 9.07 12.27 35.3
Z-GCOB9b 865 8.85 12.06 36.3
Z-GCOB9c 867 8.61 11.54 34.0
Z-GCOB13 843 8.43 11.68 38.6
Z-GCOB14d 850 8.85 12.13 37.1
a-values:
CGOB9-a 800 9.13 12.6 38.0
CGOB13-a 780 8.5 11.74 38.1
CGOB14-a 800 9.25 12.62 36.4
CGOB15-a 780 8.31 11.35 36.6
parallel c
CGOB6_2_b 860 14.2 17.56 23.7
CGOB6_2_c — 14.41 17.37 20.5
CGOB6_2_d — 14.85 18.09 21.8
CGOB6_2_e — 14.54 17.84 22.7
CGOB6_2_E — 14.63 17.55 20.0
a-values:
CGOB6_2_a — 14.7 18.46 25.6
parallel ac
CGOB9-ac2 850 10.55 13.67 29.6
CGOB9-ac3 855 10.23 13.17 28.7
CGOB9-ac5 855 10.33 13.31 28.8
CGOB9-ac6 855 10.21 13.17 29.0
CGOB9-ac9 858 10.62 12.43 17.0
a-values:
CGOB9-ac1 800 10.46 13.18 26.0
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Fig. A.2: Temperature dependent Raman spectra. Inset shows the ν1 vibration modes in
detail (for further understanding see e.g. Lorriaux-Rubbens et al., 2000;
Ma¸czka et al., 2004).
Tab. A.6: Fitting parameter of the Raman peaks of the BO3 ν1 vibration modes, includ-
ing peak positions, the distance between them (diff.), the area parameters, peak
widths (FWHM), and the R2-value of the fitted curves.
Temp Peak maximum [cm−1] Area parameter [a.u.] FWHM [cm−1] R2
[◦C] ν1 [B(2)O3] ν1 [B(1)O3] diff. ν1 [B(2)O3] ν1 [B(1)O3] ν1 [B(2)O3] ν1 [B(1)O3]
29 931.47 943.20 11.73 168 700 72 840 5.60 3.69 0.999 277
300 928.63 940.42 11.79 165 900 71 290 9.12 7.12 0.9995
600 924.76 936.51 11.75 204 000 79 070 14.41 12.02 0.999 55
800 921.95 933.57 11.62 229 800 76 150 18.51 15.13 0.999 52
810 921.77 933.36 11.59 233 200 75 830 18.82 15.30 0.999 53
820 921.66 933.24 11.58 237 300 75 690 19.06 15.40 0.999 54
830 921.53 933.11 11.58 240 800 76 800 19.25 15.57 0.999 56
840 921.39 932.92 11.53 240 500 77 050 19.52 15.82 0.999 56
850 921.22 932.72 11.50 242 893 74 312 19.85 15.80 0.999 57
860 921.10 932.63 11.53 239 713 72 101 20.11 15.87 0.999 55
870 920.96 932.51 11.55 227 345 67 839 20.42 16.14 0.999 502
880 920.82 932.34 11.52 207 819 61 776 20.58 16.16 0.9994
890 920.67 932.20 11.53 175 000 50 120 20.90 16.25 0.999 145
900 920.59 932.11 11.52 137 900 37 510 21.25 16.18 0.998 64
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Tab. A.7: Measured thermal expansion data upon cooling (in this case thermal contraction).
Measure Cooling Turning point α<850 ◦C α>850 ◦C Increase
No. down to [◦C] [◦C] [×10−6/K] [%]
parallel a
CGOB6-a7 750 — 11.43 14.69 28.52
CGOB6-a9 400 840 11.12 14.55 30.85
average — 11.28 14.62 29.68
parallel b
CGOB9-d 400 850 8.9 11.6 30.34
parallel c
CGOB6_2_e 750 — 16.43 19.29 17.41
CGOB6_2_f 400 — 15.24 19.78 29.79
average — 15.84 19.54 23.60
parallel ac
CGOB9-ac9 400 — 10.96 13.16 20.07
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Tab. A.8: References dealing with GdCOB that appeared in Fig. 1.1. Note that there are
some publication that do not deal with single crystal material. The list might not
be exhaustive.
Year Short reference
1992 Chemistry of Materials, 1992, 4, 737–743
1993
Journal of Alloys and Compounds, 1993, 191, 121–126
Russian Journal of Inorganic Chemistry, 1993, 38, 847–850
1996
European Journal of Solid State and Inorganic Chemistry, 1996, 33, 727–736
Proceedings of the 1996 European Quantum Electronics Conference. EQEC ’96., 1996, 141*
1997
Japanese Journal of Applied Physics, 1997, 36, 276–279
Journal of the Optical Society of America B, 1997, 14, 2238–2247
Optical Materials, 1997, 8, 161–173*
1998
Advanced Solid State Lasers, Optical Society of America, 1998, VL4*
Journal of Materials Chemistry, 1998, 8, 1619–1623
Optics Letters, OSA, 1998, 23, 1680–1682*
Proceedings of SPIE – The International Society for Optical Engineering, 1998, 3556, 210–213†
1999
Applied Optics, 1999, 38, 976–979*
Applied Physics A, 1999, 68, 57–61
Applied Physics B: Lasers and Optics, 1999, 68, 1143–1146†
Chinese Physics Letters, 1999, 16, 184–186
Journal of Crystal Growth, 1999, 203, 168–172
Journal of Crystal Growth, 1999, 206, 453–456*
Journal of Crystal Growth, 1999, 198–199, 560–563†
Journal of the Optical Society of America B: Optical Physics, 1999, 16, 164–172*
Optics Letters, 1999, 24, 1299–1301*
Pacific Rim Conference on Lasers and Electro–Optics, CLEO – Technical Digest, 1999, 3, 969–970†
Physica B: Condensed Matter, 1999, 262, 170–176
Proceedings of SPIE – The International Society for Optical Engineering, 1999, 3492, 825–831†
2000
Advanced High-Power Lasers, SPIE, 2000, 3889, 456–463
Defect and Diffusion Forum, 2000, 186–187, 79–106
Denki Gakkai Ronbunshi, 2000, 120–C(7), 916–921; Translated in: Electrical Engineering in Japan, John
Wiley & Sons, Inc., 2001, 136, 26–30
Guangdianzi Jiguang/Journal of Optoelectronics Laser, Board of Optronics Lasers, 2000, 11, 388–390*
Journal of Alloys and Compounds, 2000, 303–304, 401–408
Journal of Crystal Growth, 2000, 210, 815–818*†
Journal of Crystal Growth, 2000, 212, 217–221*
Journal of Crystal Growth, 2000, 212, 476–479*
Journal of Crystal Growth, 2000, 213, 415–418†
Journal of Crystal Growth, 2000, 220, 114–120*
Journal of Luminescence, 2000, 87–89, 611–613*
Journal of Molecular Structure, 2000, 555, 213–225*
Journal of Physics: Condensed Matter, 2000, 12, 5495–5505*
Journal of Raman Spectroscopy, 2000, 31, 535–538
Journal of Solid State Chemistry, 2000, 154, 204–213
Journal of the Optical Society of America B: Optical Physics, 2000, 17, 18–22*
Laser Physics, 2000, 10, 441–443†
Materials Science and Engineering R: Reports, 2000, 30, 1–54
Optics and Laser Technology, 2000, 32, 135–138*
Optics & Laser Technology, 2000, 32, 153-155
Optics Letters, 2000, 25, 423–425*
Pacific Rim Conference on Lasers and Electro–Optics, CLEO – Technical Digest, IEEE, Piscataway, 2000,
144–145*
Physica Status Solidi (a), 2000, 177, R1–R2*
Progress in Crystal Growth and Characterization of Materials, 2000, 40, 17–31*
Progress in Crystal Growth and Characterization of Materials, 2000, 40, 63–73*
Continued on next page
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Tab. A.8: – continued from previous page
Year Short reference
2000
Progress in Crystal Growth and Characterization of Materials, 2000, 40, 81–88*
Wuji Cailiao Xuebao/Journal of Inorganic Materials, 2000, 15, 7–8
2001
Chinese Physics Letters, 2001, 18, 63–64*
Chinese Physics Letters, 2001, 18, 388–389*
Crystal Growth and Design, 2001, 1, 363–365
Crystal Research and Crystal Technology, 2001, 36, 885–891
Guangdianzi Jiguang/Journal of Optoelectronics Laser, 2001, 12, 167–169*
Japanese Journal of Applied Physics, Part 1: Regular Papers and Short Notes and Review Papers, 2001,
40, 596–600†
Journal of Alloys and Compounds, 2001, 323–324, 214–217*
Journal of Alloys and Compounds, 2001, 323–324, 292–296*
Journal of Applied Physics, 2001, 90, 232–236*
Journal of Crystal Growth, 2001, 222, 209–214*
Journal of Luminescence, 2001, 94–95, 691–694*
Journal of Materials Chemistry, 2001, 11, 657–659
Journal of Materials Research, 2001, 16, 790–796*‡
Optics and Laser Technology, 2001, 33, 563–566‡
Optics Communications, 2001, 195, 267–271*
Optics Communications, 2001, 187, 401–405
Progress in Natural Science, 2001, 11, 654–656
Solid State Communications, 2001, 120, 397-400†
2002
Chemical Physics Letters, 2002, 357, 15–19 *
Electronics Letters, 2002, 38, 202‡
Materials Research Bulletin, 2002, 37, 1737–1747
Journal of Applied Physics, 2002, 92, 5060–5067*
Journal of Crystal Growth, 2002, 237–239, 621–628
Journal of Crystal Growth, 2002, 237–239, 632–636†
Journal of Crystal Growth, 2002, 237–239, 641–644
Journal of Alloys and Compounds, 2002, 341, 144–149*
Journal of Molecular Structure, 2002, 614, 195–201 *
Journal of Physics Condensed Matter, 2002, 14, 1107–1117*
Materials Letters, 2002, 57, 130–133*
Optical Materials, 2002, 19, 73–80*
Physical Review B – Condensed Matter and Materials Physics, 2002, 65, 2245181–22451811*
2003
Applied Physics B – Laser and Optics Communications, 2003, 77, 437–440†
Journal of Alloys and Compounds, 2003, 351, 50–53
Journal of Nonlinear Optical Physics and Materials, 2003, 12, 349–356*
Journal of Solid State Chemistry, 2003, 171, 282–286
Materials Science and Engineering, 2003, B97, 283–287
Optical Materials, 2003, 22, 89–94
Optical Materials, 2003, 22, 129–137*
Optics and Laser Technology, 2003, 35, 471–474*
Optics Communications, 2003, 217, 395–400*
Proceedings of SPIE – The International Society for Optical Engineering, 2003, 5230, 1–12*
2004
Applied Physics B: Lasers and Optics, 2004, 79, 577–581*
Applied Surface Science, 2004, 223, 241–244
IEEE International Ultrasonics, Ferroelectrics and Frequency Control Joint 50th Anniversary Conference,
2004, 1989–1991‡
Journal of Alloys and Compounds, 2004, 380, 141–145 *
Journal of Alloys and Compounds, 2004, 380, 235–240
Journal of Ceramic Processing Research, 2004, 5, 10–13*
Journal of Crystal Growth, 2004, 262, 388–394
Journal of Crystal Growth, 2004, 267, 498–501*†
Journal of Raman Spectroscopy, 2004, 35, 266–273
Microelectronics Journal, 2004, 35, 357–361*
Optical Materials, 2004, 26, 431–436
OSA Trends in Optics and Photonics Series, 2004, 94, 430–434*
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Year Short reference
2004
Proceedings of SPIE - The International Society for Optical Engineering, 2004, 5581, 164–169*
Proceedings of SPIE - The International Society for Optical Engineering, 2004, 5581, 157–163*
Rapid Communications in Mass Spectrometry, 2004, 18, 2939–2945
2005
Applied Physics B: Lasers and Optics, 2005, 80, 199–201*
Applied Surface Science, 2005, 252, 1228–1232
Chinese Physics Letters, 2005, 22, 711–714*
Crystal Research and Technology, 2005, 40, 429–438
Journal of Alloys and Compounds, 2005, 390, 194–196*†
Journal of Alloys and Compounds, 2005, 401, 69–74
Journal of Crystal Growth, 2005, 275, 232–239
Journal of Luminescence, 2005, 113, 45–49 *
Journal of the Optical Society of America B, 2005, 22, 417–425
Journal of Crystal Growth, 2005, 275, 881–886*†
Materials Research Innovations, 2005, 9, 64–65*†
Materials Science Forum, 2005, 494, 253–258*
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